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Abstract 
It is well known that classification performance influences grinding efficiency. 
Typically classification performance is assessed using the overall stream particle 
size distributions. However, most ores contain both liberated particles of specific 
densities, and composite particles with a range of intermediate densities. The dense 
liberated particles are most likely to continue to report to the underflow long after 
they have been reduced to the required size. This unnecessary recycle to the mill 
can lead to over-grinding. If the dense particles reporting to the underflow are the 
intended target of recovery, they may be too small to be recovered easily, while if 
they are gangue material they may report to the concentrate due to entrainment. 
Thus in these multi-component feeds classification is influenced not only by particle 
size, but also by particle density and shape, and an overall classification curve gives 
a misleading picture of classification performance. 
Current hydrocyclone models described in the literature fail to take into account the 
range of particle densities present in a realistic feed. Ideally, the models should 
predict the partition curves for each significant density class in the feed, given the 
cyclone geometry and operating conditions. Additionally, the models should take into 
consideration the potential for particle interaction, expected to vary with cyclone 
operating conditions.  
This thesis describes an experimental investigation to test two hypotheses: 1) 
different density components do not behave independently during classification, 
even when they are fully liberated, and 2) the operating conditions of the 
hydrocyclone influences the degree of component interaction. The investigation 
comprised pilot-scale testwork using selected mixtures of two components having 
different particle densities. The results suggested that both hypotheses are true. 
A model for individual component behaviour was developed based on the 
experimental data. The equations developed for cut size show that the behaviour of 
both components are driven by both per cent solids and the interaction between the 
proportion of the light component and the per cent solids present in the feed. The 
difference in the behaviour lies in the additional terms present in the equation for the 
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low density component d50c, representing flow rate and a size distribution term for the 
low density component.  
Based on the trends seen in the experimental work and the literature dealing with 
particle behaviour inside a hydrocyclone it is proposed that the mechanism by which 
the observed component interaction occurs is particle displacement in which there is 
a shift in the d50c of the light component becoming larger with the addition of dense 
material of the same size distribution due to the hydrocyclone classifying based on 
the immersed mass of the particles. In order to investigate the particle displacement 
mechanism, an experimental method, Positron Emission Particle Tracking (PEPT), 
was investigated that had the potential to determine the movement and position of a 
particle inside a hydrocyclone containing slurry. PEPT has previously been used to 
determine particle behaviour in tumbling mills containing slurry but has never been 
used to track the behaviour inside a hydrocyclone operating with slurry. The work 
provided qualitative information about the movement of a particle in slurry inside a 
hydrocyclone. 
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 Introduction 
1.1 Project Motivation  
The classification stage in closed grinding circuits is usually considered to be the most 
important factor controlling circuit performance, measured as throughput and/or final 
product size. Poor cyclone operation is the commonest cause of grinding inefficiencies 
(Napier-Munn et al. 1996). 
Optimisation of grinding circuits is of a high priority in the current economic climate as 
grinding is the most energy intensive process on the mine site and so one of the most 
costly. Classifiers are often operated within closed grinding circuits and affect 
performance of both grinding and flotation. Grinding and flotation are intimately linked 
as grinding liberates mineral grains, whilst flotation separates them into valuable and 
gangue materials.  
As flotation works within an optimum size range, fineness of grind and the correct 
classification into product for regrind and for flotation are important in an efficient 
mineral liberation system. This balance is obtained using classification devices such as 
the hydrocyclone to separate coarse and fine particles for regrind or downstream 
process. 
The hydrocyclone classifies particles according to size, shape and density. Particles of 
the same size but of differing densities are known to behave differently when classified 
using a hydrocyclone. 
Most ores contain both liberated particles of distinctly different densities, and composite 
particles with a range of intermediate densities, with the dense liberated particles most 
likely to continue to be sent for regrinding long after they have reached the required 
size. This unnecessary recycle to the mill can lead to over-grinding and a reduction in 
throughput of new feed. If the dense particles are the intended target of recovery, they 
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may be too small to be recovered easily, while if they are gangue material they may 
report to the concentrate due to entrainment.  
The work described in this thesis forms part of a larger group of research projects 
dealing with multi-component modelling of the grinding circuit which aim to address the 
specific issues associated with differences in particle attributes when developing 
mathematical models for process simulation software such as JKSimMet (Napier-Munn, 
Morell et al. 1996). 
1.2 Hypotheses 
This thesis describes an experimental investigation to test two hypotheses: 
1) Components of different densities do not behave independently during 
classification, even when they are fully liberated; and 
2)  The operating conditions of the hydrocyclone influence the degree of 
interdependence of component behaviour. 
1.3 Thesis Objectives 
The objective of this thesis is to test the two hypotheses introduced above and, based 
on the experimental investigation, to develop a new predictive hydrocyclone model for 
multi- component feeds which incorporates both particle density and feed composition 
as variables. Specifically the research presented in this thesis will: 
 Provide a comprehensive summary of the existing literature regarding 
hydrocyclones treating multi-component feeds; 
 Determine and quantify the effect on classification of components of differing 
densities interacting within a feed stream; 
 Determine the effect of a changing feed mixture composition on particle 
classification to underflow and overflow streams; 
 Propose a mechanism by which component interaction occurs in a hydrocyclone 
treating a multi-component feed; 
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 Develop a predictive model for the d50c of individual components classified in a 
multi-component feed; and 
 Determine the viability of using Positron Emission Particle Tracking (PEPT) as a 
means of tracking particle trajectories in a hydrocyclone operating with a slurry, 
as a way of addressing these issues. 
1.4 Thesis Outline 
The objectives and hypotheses above are addressed in this thesis consisting of 6 
chapters. 
Chapter 1 has provided the project motivation, hypotheses and objectives for this thesis. 
Chapter 2 provides a literature review that summarises the current knowledge about the 
modelling of hydrocyclones treating multi-component feeds, identifies gaps in the 
current knowledge and provides the basis for the hypotheses to be tested during the 
experimental program. 
Chapter 3 discusses the development of an experimental methodology and a 
description of the equipment used in the test work. 
Chapter 4 discusses the results of the initial experimental work to test the two 
hypotheses, and the experimental design, methodology and results of the model 
development test program. 
Chapter 5 discusses the development of models for individual component cut sizes 
when classified in a multi-component feed. 
Chapter 6 provides the conclusions from the thesis and recommendations for further 
work. 
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 Literature Review 
2.1  Introduction 
The hydrocyclone is a continuously operating classification device with no moving parts. 
It utilizes fluid pressure to cause rotational forces that accelerate the settling of particles 
according to their size, shape and density. The cyclone that is the subject of this 
research should be better called a liquid cyclone, but due to the common use of water 
as a fluid medium, the terms hydraulic cyclone, hydrocyclone or the less specific 
cyclone can be used (Bradley 1965). The term cyclone will be used throughout this 
thesis. 
The feed slurry enters the cyclone tangentially under pressure (Figure 2.1). The addition 
of the vortex finder stops the slurry from bypassing the cyclone and leaving via the 
overflow before classification. The coarse particles move in the downward spiral and 
exit the hydrocyclone in the underflow stream through the spigot. The fine particles 
move upwards and exit in the overflow through the vortex finder. 
 
Figure 2.1: Diagram of a Hydrocyclone (Chakraborti, Shekhar et al. 2008) 
Hydrocyclones have many advantages as classifiers: they are simple and are 
inexpensive in terms of construction, installation, maintenance and capital cost. In 
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closed grinding circuits in particular they require little space for installation and reduce 
residence time within the circuit, compared with the now obsolete rake classifiers. The 
apparent simplicity of operation of cyclones is misleading. They are not easily monitored 
and problems can often be missed by the operator.  
2.2  Hydrocyclone Performance 
The performance of a hydrocyclone can be described by a combination of 
characteristics: 
 Cut size (d50);  
 Sharpness of Separation (α) – measure of hydrocyclone classification efficiency; 
and  
 Water Split (Rf). 
2.8.1 Cut Size (d50) 
The cut size (or d50) is the particle size at which there is equal chance that the particle 
will report to the overflow or underflow (Svarovsky 1984). General relationships between 
cut size and hydrocyclone geometry and operating parameters have been determined, 
with cut size generally considered to increase with increasing hydrocyclone diameter, 
increasing feed solids concentration and increasing hydrocyclone inclination to the 
vertical. Increasing the hydrocyclone flow rate is considered to decrease the d50 whilst 
the d50 is increased by altering the hydrocyclone geometry using small spigots or large 
vortex finders. 
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Water Split (Rf) 
During the classification process, some fine particles are entrained in the underflow 
liquid and report in the underflow product instead of the overflow. Kelsall (1953) 
suggested that solids of all sizes are entrained in the coarse product liquid by short 
circuiting in direct proportion to the fraction of feed water reporting to the underflow. The 
number of particles misplaced to the underflow by entrainment can be reduced by 
appropriate hydrocyclone operation. The water split to the underflow increases with 
increasing feed solids concentrations and the use of hydrocyclones with large spigot 
sizes or small vortex finders. Increasing the flow rate to the hydrocyclone reduces the 
water split to the underflow, and therefore the number of particles misplaced due to 
entrainment. 
2.8.2 Sharpness of Separation (α) 
The sharpness of separation describes the efficiency of the hydrocyclone to classify the 
particles present in the feed. An efficient cyclone minimises the displacement of 
particles to the ‘wrong’ product. Classification efficiency can be increased by decreasing 
the per cent solids present in the feed. 
The most common method of describing hydrocyclone efficiency is using a partition 
curve, which relates the weight fraction (or percentage) of each particle size in the feed 
which reports to the underflow to the particle size.  
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Figure 2.2 : Hydrocyclone Partition Curve (Wills and Napier-Munn 2006) 
The sharpness of the cut is dependent on the slope of the central section of the partition 
curve; the closer to vertical the slope is the greater the efficiency. 
Mathematical models of hydrocyclones include the term ‘corrected’ d50 (or d50c) which 
can be taken from a ‘corrected’ partition curve. The corrected curve describes particles 
recovered to the underflow by true classification, excluding particles carried by 
entrainment. The correction uses Kelsall’s formula (1953) which assumes that solids of 
all sizes are entrained in the coarse product liquid by short circuiting in direct proportion 
to the fraction of feed water reporting to the underflow. Kelsall’s formula is shown below 
where y’ = corrected percentage of particles reporting to the underflow, y	= percentage 
of particles reporting to the underflow and R = water split to underflow. 
   =
  −  
1 −  
 
                                                (2.1)       
This assumption has been questioned (Flintoff, Plitt et al. 1987) however the Kelsall 
correction is widely used and will be used here to generate a corrected classification 
curve. 
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Figure 2.3 : Corrected and Uncorrected Partition Curves (Wills and Napier-Munn 
2006) 
Lynch and Rao (1975) described the application of a ‘reduced’ partition curve, which 
they suggest can be used to derive the actual partition curve after any changes in 
operational conditions, with the curve being independent of hydrocyclone geometry and 
operating conditions. The ‘reduced’ partition curve can be obtained by plotting the 
corrected weight percentage of particles reporting to the underflow against the actual 
size divided by the corrected d50. 
2.8.3 Optimisation of Hydrocyclone Performance 
Optimisation of cyclones involves achieving the d50c set by downstream processing 
requirements and minimising the quantity of misplaced particles in the underflow and 
overflow streams, i.e. maximising efficiency. The choice of d50c is based on the fineness 
required of the circuit product, possibly for additional grinding or in many cases for 
beneficiation such as flotation.  
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2.3 History of Hydrocyclone Modelling 
Many models have been developed to predict the classification of feeds within 
hydrocyclones, including Dahlstrom (1949, 1954), Bradley (1965), Lynch and Rao 
(1975) , Plitt (1976), Nageswararao (1978), Kojovic (1988), Castro (1990), Asomah 
(1996), Xiao (1997) and Narashima, Mainza et al. (2011). Some of the ideas presented 
by these researchers and the developed models are discussed below. 
The first model adopted by industry that accurately predicted cyclone cut size was 
developed by Plitt (1976), and utilized ideas presented previously by Dahlstrom (1949, 
1954) and Bradley (1965). However the models of Dahlstrom (1954) and Bradley (1965) 
were not suitable for industrial use as the experiments used for their development used 
dilute slurries, so do not account for the rheological behaviour of dense slurries as 
would be found in industry. Plitt’s (1976) model is both quantitative and empirical, and 
was developed using data from Rao (1966) and other sources. Plitt’s (1976) model does 
take into account cyclone variables and is not suitable for use with feeds of high solid 
concentration. The Plitt (1976) equation for d50c is shown below where Dc	represents the 
cyclone diameter, Di is the cyclone inlet diameter, Do is the vortex finder diameter and 
Du is the spigot diameter of the hydrocyclone. The free vortex height in the cyclone is 
shown as h, with the feed volumetric flow rate represented by Q where the density of the 
solids and liquid are represented by ρs and ρl	respectively. 
       (2.2) 
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This equation was later modified to incorporate the effect of slurry viscosity (Plitt, Flintoff 
et al. 1987). 
   (2.3) 
where µ = slurry viscosity and k = hydrodynamic exponent in the range 0.5-1.0 
(estimated from data). 
Plitt (1976) also developed empirical models for throughput, water split and sharpness 
of separation. 
The most significant model in terms of industry impact and development of the current 
model is the modified Nageswararao (1978) model. The model was originally developed 
by Nageswararao (1978) with a slight modification by Castro (1990) to incorporate pulp 
hindered settling/ viscosity factors within the model. With the exception of this slight 
adjustment the Nageswararao model has remained unaltered for over 25 years. It is 
incorporated in the industry standard simulation software JKSimMet (Napier-Munn, 
Morell et al. 1996). The modified Nageswararao (1978) model has the advantage of 
extensive industry use, in addition to successful use for both simulation and 
hydrocyclone control. The model consists of three expressions predicting cut size, 
throughput and water split to underflow. 
Cut Size: 
 
                                                                                                                     (2.4) 
Water Split: 
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Throughput: 
 
                                                                                             (2.6) 
 
As with all empirical models, the Nageswararao (1978) model proved to be unreliable 
outside the data range within which it was developed. It is unsuitable for slurry 
containing less than 30% mass solids, and contains no term for particle density, relying 
instead on fitting general purpose constants for a particular feed. Kojovic (1988) 
disproved the basic model assumption that the constants employed within the model 
were exclusively material dependent, demonstrating that the constants were dependent 
on feed density in addition to feed characteristics. The model is also specific to the older 
Krebs pattern cyclones, which makes the modelling of later designs and alternate 
suppliers less reliable. 
The Narashima-Mainza (2011) model for sharpness of separation uses ideas initially 
developed by Lynch and Rao (1975) who determined that sharpness of separation for 
geometrically similar cyclones was independent of operating and design variables and 
cyclone dimensions. For engineering purposes it was accepted that the assumption of a 
constant value for sharpness of separation of a particular type of slurry would be 
accurate enough. It has since been determined that the sharpness of separation is 
dependent on feed volumetric flow rate and cyclone dimensions in addition to particle 
properties. The current model for sharpness of separation most closely resembles the 
model developed by Asomah (1996), in addition to ideas regarding inclination of a 
cyclone to the vertical and mineral identity within a slurry. 
Asomah (1996) model developed the following expression for sharpness of separation.  
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Asomah (1996) found that inclination of the cyclone to the vertical had an effect on the 
sharpness of separation which was included in his model. The model developed by 
Asomah (1996) gives poor predictions for sharpness of separation and does not give a 
satisfactory fit to the data tested as the relationship to the design and operating 
variables is not yet understood.  
The ideas presented in the models (Nageswararao 1978, Asomah 1996, Xiao 1997) 
have been modified and improved in the Narashima-Mainza (2011) model using a large 
variety of data sets, and a new model framework. The throughput model developed 
incorporates the underflow diameter previously neglected by the Nageswararao (1978) 
model, in addition to the inclusion of the feed solids effect using the hindered settling 
function. Like the Nageswararao (1978) model, the Narashima-Mainza model is based 
on the concept of a reduced efficiency curve, which in turn is developed from the actual 
efficiency curve and the corrected efficiency curve for the classifier treating a particular 
ore. 
The model consists of a series of equations which are described below. At least one 
cyclone test on a particular ore is required to provide data for the calculation of constants 
in the equations. The form of the equations was given by Narashima (2009). The 
exponents differ slightly from those reported in his thesis, as the model has since been 
refitted with a larger data set. 
The pressure-throughput relationship can be expressed as: 
 
(2.8) 
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where: 
                 (2.9) 
The proportionality constant, KQ0 is a function of the feed material and depends on feed 
solids characteristics (eg. specific gravity) only. fv is the volume concentration of solids in 
the feed. 
For normal industrial operation, the classification size can be related to the variables 
according to the equation: 
 (2.10) 
where: 
           (2.11) 
and: 
     (2.12) 
f38 is the volume concentration of -38µm particles in the feed. Water recovery (Rf) to 
underflow is related to the major variables by: 
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                                                                                         (2.13) 
where: 
 (2.14) 
and: 
            (2.15) 
The efficiency curve used in this model is identical to that used in the Nageswararao 
(1968) model, but with α given by: 
         
   (2.16) 
The expressions developed present an improved predictive hydrocyclone model for 
single density feeds, although the framework has the capacity to include a multi-
component model. The single density model is not realistic for many hydrocyclone feeds 
as many ores are composed of minerals of widely varying densities present in both 
liberated particles and composite particles in a continuous spectrum of densities. The 
most important of these particles are typically the liberated particles lying at each end of 
this density spectrum; the dense liberated particles are most likely to continue to report 
to the underflow long after they have reached the required size. This level of 
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overgrinding is both energy intensive and causes problems in downstream processing. 
The dense particles that report to the underflow will be a problem both if they are the 
intended target of recovery (they will be too small to be recovered easily) and if they are 
gangue material (they will be present in the concentrate due to entrainment).  
The problem of dense particles reporting to the underflow is particularly apparent with 
ore components of very high densities such as gold. It was noted in one circuit that gold 
circulating loads as high as 6700% were present in the primary loop (Banisi and 
Laplante 1991). The primary cyclone underflow contained twenty four times more gold 
than present in the original ore.  
2.4 Component Behaviour in Multi Component Feeds 
Bradley (1965) discusses the relationship between liquid medium density and particle 
density, and states that it is the density difference between the two that controls 
separation in a hydrocyclone. However, the classical literature does not discuss the 
relationship between particles of different densities and the influence this would have on 
classification in a hydrocyclone. 
Components of differing densities are known to have different d50c values when 
classified using a hydrocyclone. However very few published data sets exist to allow for 
quantification or predictive modelling of this effect.  
One of the earliest published studies on classification of components of differing 
densities within multi component feeds was conducted by Marlow (1973). He analysed 
data from Kelly (1966) to determine the effect of density difference on d50. The results 
can be seen in Figure 2.4. The change in d50c for differing density fractions is evident, 
with the lightest fraction, in this case the gangue (specific gravity = 2.5), showing a d50c 
of 248 microns, compared to the heaviest fraction (galena, specific gravity = 7.57) which 
showed a d50c of only 63 microns. 
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Figure 2.4: Comparison of Average d50 Values for Individual Components (Marlow 
1973) 
Based on his analysis of the data produced by Kelly (1966) and analysis of data from 
Lynch, Rao et al. (1968), Marlow derived relationships between the overall d50 of the ore 
and the d50 values of the individual components in the ore. His general relationship is 
given in Equation 2.17. 
                                          d50 = K1 * (SG-1)-K2                                    (2.17) 
In order for K1 and K2 not to vary, Marlow made the assumption that each component 
separated independently and that variations in particle size distribution between 
components would have a negligible effect. The K2 values derived by Marlow based on 
the data from both Kelly (1966) and Lynch, Rao et al. (1968) are given in Table 2.1. 
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Table 2.1: Values of K2 (Marlow 1973) 
Component Kelly Lynch, Rao et 
al 
Gangue 0.63 1.16 
Marmatite 0.92 1.28 
Galena 1.09 1.37 
 
The theoretical values for K2 are in the range 0.5 (laminar flow) to 1.0 (Newtonian flow). 
Whilst the values from the Kelly (1966) data are within this range (assuming the value of 
1.09 can be attributed to experimental error), the values from the Lynch (1968) data are 
out of the expected theoretical range or alternatively have very high levels of 
experimental error.  
Lynch (1977) stated that the work of Marlow (1973) described the general density 
relationship by which the d50c values of the individual components in an ore can be 
predicted once the overall d50c of an ore is known . As discussed above the relationship 
was based on the assumption that particle size distributions of the components had 
negligible effect. The general relationship for density given by Lynch (1977) contradicts 
his earlier work (Lynch, 1968) which states that the composite curve varied depending 
on the size distribution and proportion of the components, factors that are not 
considered in Marlow’s equation (Equation 2.17). 
It is also important to note that Marlow’s equation predates the development of a model 
for sharpness of separation, which was assumed to be of constant value. Subsequent 
research has shown this approach to be unsatisfactory and particle density is expected 
to have an impact on sharpness of separation of heterogeneous feeds. 
Marlow’s result clearly shows that the difference in d50c values for heavy and light 
fractions observed in practice demonstrates that simulating cyclone classification with a 
model using the average particle density of an overall ore will not provide an accurate 
representation of overall cyclone performance. It is also clear from this data that gangue 
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components affect ore density and therefore separation efficiency as a whole. It is 
apparent that the mineralogy of the gangue present is as important in defining the 
overall d50 of the ore as the valuable mineral. 
The finding that different density components within a feed have different d50c values is 
supported by several pieces of work conducted within the coal industry using 
unliberated particles with a continuous spectrum of densities. Firth, Clarkson et al. 
(1997) confirmed that a relationship exists between particle density and d50c and stated 
that a ‘smearing’ effect occurs on the efficiency curve using heterogeneous feeds when 
compared to a homogenous feed with the same mean density. Plitt (1980) also noted 
the presence of the density effect on the behaviour of a hydrocyclone treating coal feed 
in a pilot plant. The float/ sink analysis conducted showed that d50c varied considerably 
with particle density, due to the differences in terminal settling velocity of the two 
particles. The terminal settling velocity of a particle is a balance of buoyancy, gravity 
and resistance and can be calculated using Equation 2.18 (Nguyen-Van et.al, 1993).  
  = 	  
  (   ) 
   
            (2.18) 
Where D is the particle diameter, g is gravitational acceleration, C is the drag coefficient, 
δ is the density of the fluid and	ρ is the density of the particle. 
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2.5 Alternatives to the Conventional Hydrocyclone 
Based on the literature discussed above it can be seen that for ores with components of 
distinctly different densities, such as the UG2 platinum ore, which contains both 
chromite (average density range between 4.5 and 4.8) and silicate gangue 
(approximately 2.7), the two components would have very different d50c values if 
classified using a conventional hydrocyclone.  
If a hydrocyclone is designed on the basis of the d50c of the overall ore when operated in 
closed circuit with a mill, then the chromite, because of its density, would continue to 
report to the underflow long after it was finer than the required cut size. This level of 
overgrinding is both energy intensive and causes problems in downstream processing 
as the chromite particles will be too small to be recovered easily. 
In order to avoid the overgrinding caused by the inefficient classification of dense 
components in a conventional hydrocyclone, alternative methods of classification for 
ores containing components of distinctly different densities have been sought. These 
alternative classification methods are discussed below. 
2.5.1 Three- Product Hydrocyclone 
The three- product hydrocyclone is a conventional hydrocyclone with a conventional 
feed and underflow system, but with two overflows, the inner overflow (INO) and outer 
overflow (OUO) (Mainza, Narashima et al. 2006). The inner overflow is internal to the 
outer overflow and has an adjustable length vortex finder. The three- product cyclone 
produces a finer overflow stream, an intermediate overflow stream comprising fine high 
density particles and medium sized light particles, and a coarse underflow stream.  
The three- product cyclone was tested in conjunction with fine screens as a 
classification system for the UG2 platinum ore, and the results compared with the 
performance of the conventional hydrocyclone (Mainza 2006). The results indicated that 
the combination of the three-product cyclone and fine screens in the processing of the 
UG2 platinum ore enhanced the flotation recovery of the valuable mineral without 
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diluting the grade (Mainza 2006). Whilst this work showed promise it has yet to gain 
acceptance within the industry with only one installation being currently known to the 
author. 
Obeng (2003) and Mainza (2006) have developed models for the three product cyclone, 
the development of which stems directly from the need to overcome the practical 
implications of the density effect evident when classifying platinum ores.  
2.5.2 Fine Screening 
The Pan Sep screen has mesh panels that travel in a linear path (as opposed to 
vibrating in the same position), individual mesh panels are joined together to form a 
chain and travel in a linear path whilst screening the feed slurry. There is only limited 
information available on the full scale installation of these types of screens although 
screening trials at 150µm and 45µm have been conducted using coal slurries, and 
operating problems relating to the wear of the chain drive have been noted (Pokrajcic 
2010). 
Derrick Screens has developed a stack sizer with five vibrating urethane screens all 
operating in parallel, capable of screening down to 75µm and have been proven to 
increase classification efficiency (Wheeler 2011, Wheeler and Packer 2011).  
However, when compared to the hydrocyclone, fine screens have a much higher capital 
cost, require much more space for installation and require large number of units to treat 
the same tonnages handled by a hydrocyclone cluster. 
Both fine screens and the three product hydrocyclone have failed to gain general 
acceptance within the industry as a replacement for the conventional hydrocyclone, 
although fine screening is starting to be used as an additional classification step in 
some circuits to reduce unnecessary overgrinding of valuable minerals. The modelling 
of multi-component feed classification in conventional hydrocyclones is required in order 
to determine the most appropriate additional classification or treatment step for an ore. 
The cut size of each component must be able to be predicted. 
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2.6 Modelling of Multi-Component Feeds 
Although models have been available for multi-component feeds previously in 
simulation packages such as JKSimSand, the assumption made in these models is that 
the components present in the feed behave independently of each other during 
classification. The models use existing hydrocyclone models and treat each component 
as an entirely separate homogeneous feed. This assumption appears to be to simplify 
any attempts made to model multi-component feeds rather than having any evidentiary 
basis. A survey of the available literature indicated that this assumption may be false. 
Cho (1993) described the classification of mixtures of coal (C), limestone (L), magnetite 
(M) and quartz (Q) in four inch and eight-inch diameter cyclones. The results from the 
four-inch cyclone tests are summarised in Table 2.2. It can be seen that the d50 values 
of the dense mineral (magnetite) were not affected by the presence of lower density 
minerals in a binary mixture, but that the d50 values of lower density minerals in a binary 
mixture were greater than when tested alone. The d50 for the quartz when classified in a 
binary mixture with limestone (of similar density) increased when compared to quartz 
alone. The d50 of limestone changed only when present in a mixture with coal in the 
four-inch cyclone, which is distinctly different to the results shown by quartz which has a 
similar density; quartz exhibited a higher d50 in mixtures with magnetite and limestone 
than when classified alone. However, no error bars were given with the data, so the 
conclusions made here can only be tentative, the results do suggest however, that 
limestone behaves atypically for a component of its specific gravity, possibly due to its 
porosity or the shape factors of the limestone particles, as has been noticed by previous 
researchers. 
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Table 2.2: d50 (µm) of components classified in a four-inch diameter cyclone  
(Cho 1993) 10% Concentration, 5 PSI  
Mineral Alone C & L Q & L Q, M & L 
Magnetite 7   7 
Quartz 15  21 24 
Limestone 16 21 16 15 
Coal 36 42   
 
However for mixtures of coal and magnetite, and coal, limestone and magnetite, treated 
in an eight-inch cyclone, a similar conclusion could not be drawn (Table 2.3). The d50 for 
magnetite in the three-component mixture increased from 7 to 16 µm, whereas the 
limestone d50 remained the same. Although the data in Table 2.3 does not wholly 
support the conclusions made with respect to the heavier minerals in Table 2.2 the 
lightest mineral (in this case coal) showed a significant change in d50 from 29 µm when 
classified alone to 130 µm as part of a three-component mixture. The consistent change 
in d50 of all of the lighter minerals within the mixtures, irrespective of the other 
components present, suggests that particles of different density ‘see’ each other when 
present in a mixture; they influence the classification of the other components within the 
mixture. 
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Table 2.3: d50 (µm) of components classified in an eight-inch diameter cyclone 
(Cho 1993) 
Mineral Alone C & M C, M & L 
Coal 29 39 130 
Magnetite 7 9 16 
Limestone 15  15 
 
However, as the data reported is sparse it is difficult to draw more general conclusions 
about interactions between low, intermediate, and high density particles such as might 
be found in a real ore. 
One also has to distinguish between mixtures of liberated and unliberated particles when 
determining an interaction effect. In the former case there are distinct density species as 
used in Cho (1993) and in the other a continuous spectrum of densities as would be found 
in the plant. It is unknown whether there is a specific effect in the cyclone distinguishing 
between these two cases not covered in the literature. 
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2.7 The Effect of Feed Properties and Particle Attributes on 
Classification of Multi-Component Feeds 
If components present in a multi–component mixture do not behave independently of 
each other during classification, the question is then do the properties of the multi-
component feed such as the specific gravities of the components, the proportions of 
each component within the feed, the size distributions of each component and the per 
cent solids present in the feed affect the level of interaction occurring during 
classification? It would also be interesting to determine if the individual attributes of the 
particles themselves (such as shape, porosity or texture) have an impact on the 
classification of an individual component, particularly if the particle attribute is a defining 
characteristic of a component such as texture or shape. 
2.7.1 Effect of Feed Properties 
 O'Brien, Firth et al. (2000) investigated the effect of changing cyclone conditions (spigot 
diameter, vortex diameter and feed mass per cent solids), on the performance of a large 
diameter (1 m) cyclone classifying fine coal. The use of a heterogeneous coal feed and 
the detailed size-by-density sample analysis provided an insight into the effect of feed 
per cent solids on the classification of the different density fractions present. Five float-
sink fractions were individually sized, and individual partition curves were plotted for 
each density fraction and the d50 determined. The d50 values for two cyclone feed 
densities, 10 and 20 mass per cent solids, are shown in Table 2.4.  
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Table 2.4: d50c (mm) of coal components classified in a 1 m cyclone            
(O'Brien, Firth et al. 2000) 
Relative Density 1.28 1.35 1.50 1.89 2.21 
10% solids 0.30 0.22 0.18 0.11 0.06 
20 % solids 0.49 0.32 0.25 0.13 0.06 
 
The results in Table 2.4 suggest that any interaction effect between the particles of 
different densities is enhanced with increasing feed solids concentration.  
2.7.2 Proportion of Components in the Feed 
The effect of changing component proportions within the feed on individual component 
cut sizes whilst maintaining the same operating conditions is unclear due to the limited 
data available in the literature. As noted earlier, Cho (1993) conducted experiments 
under the same operational conditions in a four-inch hydrocyclone using limestone and 
quartz in two different proportions in the feed: 50/50 and 70/30. The results are shown 
in  
Figure 2.5. Limestone and quartz have very similar specific gravities, typically 2.3 to 2.7 
and 2.65 respectively, and altering the proportions appears to have negligible effect on 
the cut size of limestone. It is unclear what effect changing the proportions of 
components in a feed with significantly different densities would have on d50c.  
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Figure 2.5: Comparison of Differing Ratio Slurries (Cho 1993) 
2.7.3 Size Distributions of Components in the Feed 
The author could not find any published literature on the effect of relative component 
size distributions during classification in a multi-component feed for the individual 
components. However, the literature does consider the influence of component size 
distributions in a multi-component feed on the overall partition curve.  
Laplante and Finch (1984) showed experimentally that the overall partition curve for a 
multi-component feed exhibits unusual inflections at the coarse end of the partition 
curve under specific circumstances that would not be seen in the classification of a 
homogeneous feed. A coarse inflection in the partition curve is only apparent in feeds 
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containing a mixture of minerals, with the denser mineral being concentrated in the finer 
size fractions. An example of a coarse inflection can be seen in Figure 2.6. Laplante 
and Finch (1984) made recommendations that for the modelling of hydrocyclone 
performance for multi-mineral feeds both components should be considered to allow for 
the unusual partition curve. 
 
Figure 2.6: Observed Coarse Inflection in partition curve (Kawatra and Eisele 
2006) 
The findings of Laplante and Finch (1984) were confirmed by the work of Kawatra and 
Eisele (2006). Their work also found that the position of the coarse inflection shifted as 
the per cent solids in the feed increased during the experimental studies the inflection 
became less visible and showed simply as poor classification efficiency. The results 
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suggest that the interaction between the two components due to their relative size 
distributions alters with the changing per cent solids in the feed. 
As coarse inflections are only observed with multi-component feeds when the dense 
mineral has a finer size distribution than the light mineral it is clear that the relative size 
distributions of the components influence the overall classification behaviour and 
possibly the classification of the individual components. 
2.7.4 Effect of Individual Particle Attributes on Classification 
One particle attribute that is considered to affect classification in a cyclone is particle 
shape. Shape is not typically considered when modelling cyclone performance due to 
the immense difficulty both in separating particles based on shape, particularly in the 
size ranges typically treated by cyclones, and in quantifying shape differences in order 
to produce an accurate predictive model (Firth, Edward et al.1995). The assumption 
made in the literature is that flaky particles tend to be classified at a similar cut point to 
lower density spherical particles.  
Fontein (1953, 1958) investigated the effect of particle shape on classification. He 
hypothesised that flat and spherical particles with the same settling rate behave 
differently within a cyclone that is properly dimensioned, and the possibility exists that 
flat particles could emerge from the overflow, whilst spherical particles are caught and 
therefore discharge from the underflow. Experiments carried out at Wageningen 
Agricultural University (Fontein 1953,1958) apparently support Fontein’s hypothesis, 
with the percentage of spherical particles retrieved under certain conditions being 
95.2%, with the percentage of the flat particles retrieved being 2.8%. This suggests that 
the spheres are caught in the cyclone and therefore would be more likely to discharge 
via the underflow than the flat particles.  
Although flaky and spherical particles with the same settling rate may show the largest 
disparity in behaviour, a particle’s deviation from a spherical shape or its irregularity 
could explain the differing behaviour between minerals with similar densities. This 
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shape effect could be an explanation for the atypical behaviour of limestone observed in 
the work conducted by Cho (1993).  
Whilst most of the studies discussed previously have looked into the effect of specific 
feed properties or particle attributes such as particle shape, a broader study of particle 
attributes was conducted by Donskoi, Suthers et al. (2008) for the purpose of modelling 
and optimising of hydrocyclones for use in fine iron ore beneficiation. The study looked 
at the development of a technique to combine the modelling of both hydrocyclone 
parameters and a virtual iron ore feed. The virtual feed was created using optical image 
analysis data which allowed the researchers to classify the particles by total iron 
content, calculated using the average mineral composition and density of every 
liberation class in every size fraction, creating classes of particles with similar mineral 
and textural characteristics. The hydrocyclone separation of the virtual feed was then 
modelled using the Plitt (1976) model. 
The classification of the virtual feed using specific particle characteristics would be 
useful in the modelling of multi-component feeds. However the use of the Plitt (1976) 
model is limiting as the model does not allow for the possibility of particle interaction 
with changing proportions of different particle classes. Whilst pilot tests were conducted 
to validate this methodology, the cyclone size used, conditions employed and the small 
number of runs are not adequate to provide validation of a model to be used in industry. 
As this work was developed primarily using iron ore, it would be difficult to apply more 
generally as the particle classification is largely based on textural characteristics. 
2.8 The Effect of Hydrocyclone Geometry and Operating Conditions 
on Multi Component Feeds 
Although we can accurately model and predict the overall classification of an ore with 
changing hydrocyclone geometry and operating conditions, the impact of altering 
hydrocyclone geometry and operating conditions on individual components within a 
multi-component feed is not clear. Whilst the data available on multi-component feeds is 
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limited, observations regarding the behaviour of multi-component feeds under changing 
operating conditions have been made by researchers in the field. 
The change in cut size expected with changing hydrocyclone diameter for a single 
component feed can be modelled using the models discussed on page 9. However the 
influence of changing hydrocyclone diameter on the individual components in multi-
component feeds is not well covered in the literature. Earlier in this chapter the results 
of experiments conducted by Cho (1993) using multi component feeds in both four and 
eight inch hydrocyclones were discussed. These results indicated that altering 
hydrocyclone geometry had an effect on the behaviour of the individual components 
within a feed, as in the four- inch cyclone tests the d50 values of the dense mineral 
(magnetite) were not affected by the presence of lower density minerals in a binary 
mixture (Table 2.2). However in the eight-inch cyclone for mixtures of coal and 
magnetite, and coal, limestone and magnetite, a similar conclusion could not be drawn 
(Table 2.3). The d50 for magnetite in the three-component mixture increased from 7 to 
16 µm, with a smaller increase from 7 to 9µm in the two-component mixture.  
Re-analysis of data from Asomah (1996) by the author calculating the overall d50c of a 
multi-component feed with a simple model shows that there may be differences in the 
classification of multi component feeds in two different cyclone sizes. As can be seen in 
Equation 2.19 and Equation 2.20, two different models are required to predict the cut 
size in the two cyclone sizes.  
For 10.2 cm hydrocyclone: 
d50c = -9696.5 - 2.428 Q + 3684.5 SGoverall - 85 %heavy             (2.19) 
For 5.1 cm hydrocyclone: 
d50c = -9697.5 – 6.829 Q + 3682.1 SGoverall – 84.9 %heavy                   (2.20) 
The difference between the two different models is evident only in the flow rate 
coefficient of the two equations due to the fact that the flow rate for a given diameter 
controls the separation forces. 
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2.8.4 Effect of Hydrocyclone Operating Conditions 
2.8.1.1  Pressure  
Whilst nothing has been written about the effect of pressure when classifying multi-
component feeds specifically, some observed effects of pressure, are available for the 
treatment of multi component feeds, most notably from the research carried out by Cho 
(1993). The experimental results showed that d50 values decreased with increasing 
pressure drop for all mixtures. The decrease was not however uniform for all of the 
individual components within the mixtures. 
2.8.1.2  Angle of Inclination of the Hydrocyclone 
Asomah (1996) investigated the impact of the angle of inclination of a cyclone on the 
classification of multi component feeds as part of a group of larger trials looking more 
broadly at the effect of cyclone inclination. This work was conducted at various 
inclinations on real ore. 
Tests were reported by Asomah and Napier-Munn (1993) at Mount Isa Mines using 
copper slurry with MnO2 used as a tracer to determine the effect of angle of inclination 
of the cyclone from the vertical on d50c. The copper slurry used was taken from the 
secondary cyclone in the copper concentrator at MIM, and the MnO2 (SG = 4.3) used as 
a tracer was present in the size fractions +212µm, +150 µm, +106 µm, +75 µm, +53µm, 
+38 µm and -38 µm. The tracer was added so that it would be present in almost the 
same proportion and with the same size distribution as the liberated mineral 
(chalcopyrite) within the copper feed slurry. The results are shown in Figure 2.7. 
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Figure 2.7: Comparison of Bulk Slurry and Density Tracer d50c Values (Asomah 
and Napier-Munn 1993) 
For both components an increase in cut size was noted with increasing angle of 
inclination from the vertical. This trend was more pronounced in the bulk mineral with 
more variation apparent in the cut size values. The effect of angle of inclination in multi 
component feeds is difficult to judge based on the data provided; the differences seen in 
the d50c at the same inclination for copper and although this is probably applicable 
generally it cannot be proved definitively from this example. 
Analysis of the effect of angle of inclination on alpha values, a measure of the 
sharpness of separation (as predicted by the Asomah (1996) model) can be seen in 
Figure 2.8. 
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Figure 2.8: Comparison of Bulk Slurry and Density Tracer Alpha Values  (Asomah 
1996) 
The lack of correlation for alpha values with either angle of inclination or component 
shown in Figure 2.8 is somewhat surprising, as it is expected that the sharpness of 
separation would be different for the individual components. However the error inherent 
in the model for α (41.5%) is substantial and therefore it is almost impossible to 
determine whether the lack of correlation is genuine or a product of model error. 
2.9  Understanding Particle Behaviour inside a Hydrocyclone 
When looking at predictive models for multi-component feeds to determine how they will 
interact during classification it is important to understand the mechanism of component 
interaction. An examination of the classical literature on particle behaviour inside a 
hydrocyclone and other similar physical systems such as fluidized beds can provide an 
insight into how particles of different densities may behave and therefore how 
components may interact when classified as part of a multi-component feed. 
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There are three key aspects to be considered when looking at the behaviour of particles 
during classification in a hydrocyclone; the movement of the particles, the way the 
particles are distributed throughout the cyclone and the factors affecting the particles 
being discharged from the cyclone. Based on these key aspects we can infer several 
possible mechanisms by which component interaction may occur in a multi-component 
feed.  
2.8.5 Particle Movement in a Hydrocyclone 
Kelsall (1952) investigated the motion of particles inside a hydrocyclone to determine 
the mechanism of separation. He optically tracked the trajectories of fine aluminium 
particles suspended in water to determine flow patterns inside a 75mm Perspex 
hydrocyclone. In order to observe the particles only very dilute suspensions could be 
used.  
Photographs from these experiments showed a band of particles moving down the 
outside wall of the vortex finder and turning sharply at the bottom edge of the vortex 
finder to join the overflow. The turning band observed by Kelsall (1952) is referred to by 
other authors (Bradley and Pulling 1959, Hsieh 1988) as a reverse flow, and showed 
more coarse particles than those existing at a similar radius at lower levels in the 
cyclone. Kelsall attributed this short circuiting to the wall effects at the top of the cyclone 
and to the presence of the air/water interface, and the envelope of zero vertical velocity, 
which limits the area available for upward flows to the annular area between the 
air/water interface and the inside wall of the vortex finder. Kelsall (1953) used Equation 
(2.1) to determine the corrected fraction of particles of a given size eliminated through 
the underflow as a result of short circuiting in the cyclone. Equation (2.1) allows for the 
quantification of hydrocyclone performance as it only takes into account particles 
reporting to the underflow as a result of the centrifugal forces, referred to as true 
classification. Kelsall’s (1952, 1953) work provided a significant contribution to the 
understanding of the behaviour of particles inside a hydrocyclone.  
35 
 
2.9.1.1 Particle Movement in a Hydrocyclone: Positron Emission Particle Tracking 
(PEPT)  
Positron Emission Particle Tracking (PEPT) uses radioactivity rather than optical 
properties to determine the position of a particle inside a system. It has previously been 
successfully used in mineral processing systems such as tumbling mills to determine 
particle behaviour.  
A single particle tracer is labelled with a positron emitting radionuclide and tracked using 
a positron emission tomography (PET) camera. The annihilation of a positron with a 
local electron releases two nearly collinear 0.511 MeV gamma rays. If both gamma rays 
are detected in coincidence, then the two detection points form a line of response (LOR) 
along which the event occurred (Wildman and Parker 2002). Two or more intersecting 
LORs can be used to triangulate the tracer position, as shown in Figure 2.9. 
 
Figure 2.9: Intersecting Lines of Response (LoRs) in a tumbling mill (Bbosa 2012) 
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As Lines of Response are recorded chronologically the trajectory of the tracer can be 
measured. A review of the PEPT literature shows that despite some previous work in 
tumbling mills, flotation and other process technologies only one piece of work using 
hydrocyclones has been conducted (Chang, Ilea et al. 2010). This work was conducted 
by a team from the University of Bergen, Norway, as part of a larger project in 
collaboration with the oil industry to extend the application of desanding equipment to 
other particle-liquid mixtures.  
The hydrocyclone used was a modified Stairmand (1951) high-efficiency geometry unit 
with a longer cone than those typically used in the mineral processing industry as this 
type of hydrocyclone geometry is used in the oil industry for the desanding of water. The 
hydrocyclone also had a small diameter (only 40mm) and a total length of 414mm and 
was manufactured for the sole purpose of this experiment. 
Whilst it is acknowledged that it is very difficult to operate a hydrocyclone under ‘normal’ 
conditions inside a PEPT camera, in the author’s opinion the system used in this work 
was unrealistic and oversimplified. The key operational issue is the lack of an air core 
during hydrocyclone operation, which would affect particle behaviour and does not 
reflect the operation of classifying hydrocyclones industrially. The authors of the paper 
also did not address the issue of hydrocyclone inclination, as they were using a medical 
PET camera which has a ring configuration and it would be very difficult to feed the 
hydrocyclone whilst it was vertical.  
2.9.1.2 Distribution of particles in a hydrocyclone 
It is very difficult to determine experimentally the distribution of particles throughout the 
cyclone using non-invasive investigative techniques such as the optical methods used 
by Kelsall (1952) to determine the movement of particles in a cyclone. Renner (1976) 
carried out experiments using a 150mm diameter cyclone to determine the position of 
quartz particles of differing sizes within the cyclone. A high speed probe was used to 
sample the slurry in different parts of the cyclone. The results from these experiments 
showed that the cyclone could be split into four regions containing distinctly different 
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size distributions (Figure 2.10: Regions of Differing Size Distributions within a 
Hydrocyclone (Renner 1976)). 
 
Figure 2.10: Regions of Differing Size Distributions within a Hydrocyclone 
(Renner 1976) 
Renner (1976) concluded that classification only occurs in Region D (Figure 2.10: 
Regions of Differing Size Distributions within a Hydrocyclone (Renner 1976) with the 
size fractions being radially distributed. Unclassified feed is distributed through the top 
of the cyclone adjacent to the cyclone roof (Region A) with fully classified particles of a 
size distribution that would be found in the cyclone overflow surrounding the vortex 
finder pipe (Region C). He also determined that there are differences in cyclone 
behaviour when using slurry compared with water alone as his experiments showed that 
the cyclone cone played no direct role in classification as most of the cone contains 
particles of a similar size distribution to the size distribution of particles present in the 
underflow (Region B). It is possible that the use of the high speed probe may have 
disrupted the flow in the hydrocyclone and therefore may require further investigation. 
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The experiments were also conducted at relatively low throughputs and the results may 
not therefore be typical of normal cyclone operation. 
The actual size of the regions containing different particle size distributions inside the 
cyclone may change with different cyclone operating conditions, for example Region D 
may be larger when the cyclone is operated at high pressures (Wills and Napier-Munn 
2006). 
2.9.1.3 Particle Discharge from the Cyclone: Crowding Theory 
Fahlstrom (1963) proposed that the classification performance of a cyclone is 
determined (except at very low feed solids concentrations) by the probability of particles 
being discharged in the underflow. He also considered that separation was not just a 
question of ‘hindered settling’ within the cyclone, but also ‘hindered discharge’ through 
the spigot, a phenomenon he termed ‘crowding’. Hence the separation size is 
determined by the discharge capacity of the underflow and the size distribution of the 
feed. According to the ‘crowding’ theory, if the spigot is restricted, under the influence of 
centrifugal force the probability of a given particle exiting via the spigot must be 
determined by its mass. The coarsest (or heaviest) particles take priority, whilst 
discharge of the smaller (or lighter) particles becomes proportionately more difficult. 
According to Plitt (1976) crowding occurs when cyclones are operating with underflow 
solids concentrations of 40-50% by volume, close to the point where the underflow 
would be roping.  
The theory also implies that the probability of a given particle discharging through the 
spigot must increase as the proportion of solids that are discharged through the spigot 
increases, and decrease with increasing amounts of solids present in the feed. In a 
homogenous feed crowding theory explains the mechanism by which d50c increases 
with decreasing spigot size or increasing per cent solids in the feed, increasing the 
spigot loading and therefore making it increasingly more difficult to discharge the 
smallest (or lightest) particles through the spigot. This means that as the spigot is 
restricted increasingly coarser particles are discharged through the overflow rather than 
the underflow. 
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2.9.1.4 Displacement of Light Particles in Binary Mixture 
If we assume that Fahlstrom’s (1963) crowding theory is correct and that apex size is 
the controlling factor and therefore only a set volume can leave via the underflow we 
can make some inferences relating to the mechanism of component interaction.  
It is assumed that due to the hydrodynamics present in a hydrocyclone particles in 
homogeneous feed would be ranked ideally inside the cyclone based on their size and 
density with the largest (and heaviest) particles closest to the wall and the smallest (and 
lightest) closest to the air core as occurs in classic gravity separation and can be 
observed in other physical systems such as a teetered bed separator. This particle 
ranking can be seen in Figure 2.11(a).  
Based on the prerequisite that crowding theory is true, then, under the same operating 
conditions and identical hydrocyclone geometry with the a feed composed of the light 
component and dense material with matching size distributions, the natural hierarchy 
within the cyclone will order the particles based on their size and density altering the 
position the light particles would have previously occupied within the cyclone – as 
shown in Figure 2.11(b) – where the largest light particle which was previously ranked 
highest (and therefore was closest to the hydrocyclone wall) is now ranked at position 
four. This will cause light particles that would have been sent to the underflow in the 
homogeneous feed to exit via the overflow. An arbitrary number of particles was used to 
represent the maximum volume which it is possible to discharge via the spigot in Figure 
2.11 for simplicity. As the number of particles that can exit via the underflow is restricted 
this particle displacement would therefore cause a shift in the d50c of the light 
component as coarser light particles are being forced to exit via the overflow as shown 
in Figure 2.11 (b). 
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Figure 2.11: Visualisation of Particle Displacement  
If we assume that the coarse dense particles essentially replace the coarse light 
particles in the underflow causing a pseudo spigot restriction for the light particles then 
we can also infer that if only fine dense material (particles of a size that are much finer 
than the typical d50c of the light component) are present in the feed with the light 
component no displacement of the coarse light particles from the underflow would be 
expected to take place and therefore no change in d50c would be observed as in Figure 
2.11(c). 
2.9.1.5 Dense Medium Effect 
Anecdotally, interaction behaviour has been attributed to a ‘dense medium’ effect which 
assumes that the particle interaction is driven by the fine dense particles. The dense 
medium effect is based on the theory that the finest particles influence the viscosity and 
density around much larger particles (Batchelor 1988) therefore developing a pseudo 
dense medium.  
It is assumed that the fine dense particles present in the multi-component feed are 
thought to form a dense medium in the lower part of the cyclone and ‘float’ the coarser 
(a) 
(b) 
(c)  
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light particles to the overflow as occurs during layer inversion in a fluidized bed 
(Moritomi et.al, 1982).  
 
Figure 2.12: Visualisation of the Dense Medium Effect  
 Whilst the dense medium effect has been the heuristic explanation used to explain any 
interaction seen with multi-component feeds in a plant setting, to the author’s 
knowledge there is no publication that has investigated the theory of the dense medium 
effect in hydrocyclones treating multi-component feeds specifically. 
2.10 Summary 
Whilst it is widely accepted that the d50c is different for components of different densities, 
and experimental data on the subject was first published by Marlow (1973), conventional 
hydrocyclone models still treat ores as though they are one component with a density 
based on the average of the components. At best, multi-component ores are modelled as 
though the components contained within them are two entirely separate feeds which will 
classify entirely independently. There is no published data available to verify that 
components do behave independently during classification in a multi-component feed, 
and the minimal data that is available suggests that components do not behave 
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independently but interact with each other, each component influencing the classification 
of the other component. 
The interaction occurring between the components appears to be influenced by the 
cyclone operating conditions, although this is based largely on observations made during 
studies of other aspects of hydrocyclone operation. There is minimal data available and 
no quantification of this effect has been possible. The understanding of how particle 
attributes and hydrocyclone geometry influences the interaction behaviour of components 
in multi-component feeds is even more limited. The inferences that can be based on 
observations of other researchers may suggest that the interaction between components 
is influenced both by individual particle attributes and the geometry of the hydrocyclone 
used. 
The review of literature shows that the information available on both the understanding 
and modelling of multi-component feed behaviour is sparse and not helpful in predicting 
cyclone performance in practice. The information that is available originated from a couple 
of key studies and incidental observations made during studies of other aspects of 
hydrocyclone operation. Considerable work is required to extend the current knowledge 
to a point where multi-component feeds can be effectively modelled. There are two key 
questions that cannot be answered conclusively using the existing literature, that are 
crucial to developing a model for the classification of multi-component feeds in a 
hydrocyclone: 
1. Do components behave independently of each during classification in a multi-
component feed? 
2. If interaction does occur, what is the mechanism of interaction and is it influenced 
by the characteristics of the feed, the hydrocyclone geometry or the operating 
conditions used? 
These questions will be addressed in the remainder of this thesis.  
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 Experimental Methods 
3.1 Introduction 
This chapter details the experimental design and methodology used to determine 
whether components behave independently of each during classification in a multi-
component feed. The chapter also details the investigation of the mechanism of particle 
interaction and whether it is influenced by the characteristics of the feed, the 
hydrocyclone geometry or the operating conditions used. The chapter includes the 
steps taken to determine: the choice of components within the feed, the sample 
processing method and the equipment set up. 
3.1.1  Experimental Design – Model Development  
The objective of this experimental program was to explore the relationships between 
variables, and to obtain an empirical model to predict the response of d50c over the 
range of conditions needed to visualize the relationship between the variables. The 
initial program was designed to determine the behaviour of particles with extremes of 
density within the continuous density spectrum of a typical cyclone feed, i.e. the fully 
liberated gangue and ore mineral particles. The use of a feed composed of liberated 
particles in varying, but known, proportions was expected to provide a good indication of 
the behaviour of a real ore, whilst still allowing the individual density components to be 
separated and analysed. The composition of these artificial feeds can be easily 
changed, allowing the impact of such changes on particle interaction within the cyclone 
to be determined in a way which would not be possible with a real ore. 
Whilst a factorial design could be used, there is a separate class of experimental 
designs which uses fewer tests than the full factorial design, and also has some 
desirable properties for fitting polynomial models for seeking optima. Such designs are 
called central composite designs, and were first developed by Box and Wilson (1951). 
They are based on the simple 2-level factorial with its origin at the centre, and with 
additional points added axially a fixed distance,, from the centre to provide the 
44 
 
quadratic terms, plus at least one test at the centre itself. If extra replicates at the centre 
are conducted they can provide an independent estimate of experimental error (Napier-
Munn 2000) 
A central composite rotatable design was chosen as the optimal experimental design for 
this piece of work with the feed components, feed size distributions and hydrocyclone 
geometry being fixed and only the operating conditions changing: feed pressure, 
component proportions and feed percent solids. The test conditions used are shown 
below in Table 3.1. 
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Table 3.1: Conditions for CCRD Test Program 
% Component 1 % Component 2 % Solids Pressure (kPa) 
100 0 35 75 
0 100 35 75 
100 0 35 100 
0 100 35 100 
50 50 35 100 
50 50 35 100 
50 50 35 100 
50 50 35 100 
50 50 35 100 
50 50 35 100 
50 50 35 75 
50 50 35 125 
50 50 20 100 
50 50 50 100 
19.4 80.6 25.8 85 
19.4 80.6 25.8 115 
19.4 80.6 44.2 85 
19.4 80.6 44.2 115 
80.6 19.4 25.8 85 
80.6 19.4 25.8 115 
80.6 19.4 44.2 85 
80.6 19.4 44.2 115 
90 10 35 75 
90 10 35 100 
 
Prior to the central composite rotatable design chosen, initial scoping tests were 
planned to confirm the presence of particle interaction in a multi-component feed. This 
was planned to match the 90% Component 1/ 10% Component 2 conditions in the 
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central composite rotatable design. The test utilised a larger diameter cyclone than the 
4- inch cyclone used in the CCRD test work to allow some insight into whether there are 
differences in the models required based on cyclone diameter as occurred in the re- 
analysis of the Asomah data discussed in the previous chapter.  
Whilst utilising an artificial bi-modal feed allows for many feed conditions to be tested 
easily, it does raise questions as to whether the conclusions drawn regarding particle 
interdependence are applicable to real ore conditions in which a range of densities are 
present. In order to gain some idea of whether it was possible to apply the basic 
principles of particle interdependence to a system containing composite and liberated 
particles, several tests were planned utilising a real ore at different feed percent solids 
to gauge the effect of composites on the findings from the artificial feed work. A simple 
binary (pyrite-silicate) ore containing less than 2% pyrite was used as the feed. As the 
ore was coarse-grained, the pyrite in the feed was largely liberated, particularly in the 
finer size fractions. Pyrite has a density of 5.0 kg/m3, while the liberated gangue has a 
density between 2.60 and 2.75 kg/m3.The density of the composites lie somewhere 
between these limits. These tests were conducted using the same cyclone geometry as 
used in the central composite rotatable design test work. All tests were conducted at 
100kPa at 25, 30 and 50% solids in the feed.  
Based on the results of the scoping test work to confirm particle interdependence using 
Positron Emission Particle Tracking (PEPT) studies of the artificial feed were planned in 
order to investigate the mechanism driving the behaviour. These tests are discussed in 
detail later in this chapter.  
3.2 Choice of Feed Components: Artificial Feed. 
In order to investigate the effect of varying component ratios in the feed on cyclone 
classification of each component, an artificial feed was used. The choice of components 
used to make up an artificial feed is important, and several criteria must be satisfied in 
order to be appropriate for the experimental work planned. The components must have: 
 significantly different densities, low and high; 
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 densities similar to real ore minerals; 
 be readily commercially available; 
 exhibit typical behaviour for a mineral of its density; and 
 be capable of easy separation in samples of cyclone products. 
 
The artificial feed needs two components: one low density and one high density, and a 
number of alternatives for each were examined. Two options were considered for the 
low density component: silica and limestone. Limestone has been widely used in 
cyclone test work in the past (Lynch and Rao 1968, Cho 1993, Asomah 1996), however 
it was not considered suitable here as it has been shown to have atypical behaviour 
during classification compared with silica (a common gangue component). Cho's results 
(1993) discussed on page 24 show that limestone exhibits unusual and inconsistent 
behaviour when classified within mixtures compared to the behaviour of silica, which is 
the more common gangue component. This atypical behaviour is believed to be as a 
result of rheology or shape effects. Consequently, silica was chosen to be the light 
component as it is a common gangue mineral, and is readily and cheaply available 
commercially in a number of suitable size distributions. The silica grade used for the test 
work was 60G, having the size distribution (determined by screening and provided by 
manufacturer) is shown in Figure 3.1. It was purchased from Unimin Australia in 25kg 
bags. 
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Figure 3.1: Size Distribution of Silica 
Several options were investigated for the high density component. Various metal 
powders were considered but rejected on the grounds of cost and the very narrow size 
distributions available. Three minerals, rutile, magnetite and garnet, met the basic 
selection criteria outlined above.  
Previous work conducted on multicomponent feeds has used magnetite as the heavy 
component (Cho 1993, Asomah 1996), and therefore it is the only heavy component for 
which any experimental data is available. Due to the magnetic properties of magnetite, 
there was concern that any observations could not be generalised to non-magnetic 
materials. It was also felt that it would be interesting to compare the observations made 
with magnetite to another component with a different specific gravity. Rutile was found 
to be more expensive and difficult to obtain in the quantities and size distributions 
required for the test work. Garnet was therefore chosen as the high density component, 
with a density of 4.1, similar to that of chalcopyrite (4.2). The garnet was purchased 
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from Blastech Australia, and the as-received size distribution (determined by screening 
and provided by the manufacturer) is shown in Figure 3.2. 
 
Figure 3.2: Size Distribution of as-received garnet 
It was important for the test work program that the two components had essentially 
identical size distributions, so that any density effect or interactions were not 
confounded by differences in size. The as-received garnet was coarser than the 60G 
silica and hence further grinding was necessary.  
Grinding tests were conducted using the JKMRC batch rod mill/ball mill to determine 
how much time was required to alter the size distribution of the as-received garnet to a 
size distribution close to that of the 60G silica. A charge of 25 kg of garnet and 100kg of 
25mm balls was ground for periods of 2, 3 and 6 hours. This work established that 
grinding 25 kg batches for 6 hours resulted in a product size distribution very close to 
that of the 60G silica.  
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The final size distributions of the 60G silica and the ground garnet both sized using the 
Malvern Matersizer are compared in Figure 3.3. The agreement between the two, whilst 
not perfect, was considered adequate. The greatest divergence occurred at around 1 
µm, smaller than the finest sieve reconstructing a particle size distribution for garnet that 
was an exact match of the silica in this size range was not practical, particularly for the 
quantities required. Any size smaller than 10 µm was not considered for analysis, as 
this size and smaller will simply follow the water irrespective of density. 
 
Figure 3.3: Size Distributions of Silica and Garnet used in the Artificial Feed 
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3.3 Sample Processing Methodology 
The experimental work involved operating a closed circuit cyclone rig under a number of 
different conditions and taking samples of the feed, underflow and overflow to determine 
the individual partition curves of the components. When choosing the sample 
processing methodology, component separation and sizing options were considered 
based on a number of key criteria. It was of the utmost importance that the size 
measurement was independent of density and the component analysis methodology 
was independent of size. The methods chosen were also required to be cost effective, 
accurate, reproducible and also time efficient. 
In order to provide sufficient information to draw individual partition curves for each 
component there are two options: 
1. Either the components must be physically separated from each other prior to size 
analysis; and 
2. Or alternatively the sample must be split into separate size fractions and then 
component analysis conducted on each size fraction.  
 
Ideally the components would be physically separated allowing for the use of an optical 
sizer such as the Malvern Mastersizer which would significantly decrease the time 
required to process samples. The methods available that are capable of physical 
component separation and can therefore be used with optical sizing methods were 
limited due to the fine particle size distributions and the densities of the two 
components. The sizing and component separation options available are examined 
below. 
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3.3.1 Sample Processing Methods with Physical Separation of Components 
3.3.1.1 Malvern Mastersizer 
The most appropriate sizing technique was optical sizing using the Malvern Mastersizer 
as it allows for the rapid sizing of large numbers of samples containing fine particles. It 
utilises laser diffraction to determine the particle size distribution. Laser diffraction 
measures particle size distributions by measuring the angular variation in intensity of 
light scattered as a laser beam passes through a dispersed particulate sample. Large 
particles scatter light at small angles relative to the laser beam and small particles 
scatter light at large angles. 
3.3.1.2 Separation using Magnetic Fluids 
The Magstream magnetic fluid separation technology was investigated as a possible 
method for rapidly and economically separating the individual components in the test 
work samples. The Magstream provides a sink-float separation using a magnetic fluid 
subjected to a strong magnetic field. The Magstream operates in a similar manner to a 
heavy medium centrifuge except that the effective density of the fluid is magnetically 
derived allowing it to be adjusted by changing the speed of rotation or magnetic strength 
of the process fluid.  
Supplies of the original magnetic fluid used in the Magstream device are no longer 
available. An alternative was found, although test work by Kojovic (1997) showed that 
its performance was markedly inferior to the original. Tests were conducted by the 
author with the magnetic fluid from the new supplier using mixtures of garnet and silica 
in known proportions. The tests conducted by the author gave similarly poor results to 
those achieved by Kojovic (1997) and use of the Magstream to separate the 
components was abandoned. 
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3.3.1.3 Sink-Float Analysis using Lithium Polytungstate (LST) 
LST is widely and successfully used by the mineral sands industry for laboratory sink-
float analysis of minerals such as rutile, ilmenite and zircon. The separation of garnet 
from quartz in the size ranges shown in Figure 3.3 was evaluated using a number of 
different experimental techniques including the use of separation funnels and 
centrifuging.  
Several problems occurred with this method, largely due to the length of time required 
for the separation to complete, exacerbated when cyclone overflow samples were 
treated due to the large number of fine particles present. For these reasons sink- float 
analysis using LST was deemed to be an unsuitable method for component separation. 
Its success in mineral sands laboratories arises from the fact that the particles being 
treated are much coarser, typically in the 150 - 300µm range. 
3.1.2  Sample Processing Methods with Physical Separation of Size Fractions 
As both the Magstream and LST methods of sink-float analysis proved unfit for the 
purposes of this work the use of the Malvern Mastersizer was no longer possible.  
If the component analysis method did not physically separate the components, then the 
sizing method used must physically separate the size fractions in order that sufficient 
data could be generated to draw individual partition curves for each feed component.  
As the only method available that physically separates the size fractions is wet and dry 
screening, this is the only compatible sizing method for the remaining component 
analysis methods. Screening is unaffected by either density differences between the 
components and is largely unaffected by shape with the exclusion of excessively flaky 
particles.  
Two methods of component analysis were then trialled in conjunction with screen sizing 
for the artificial feed and real ore samples.  
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3.3.2.1 Component Analysis of Samples using the Mineral Liberation Analyser (MLA) 
The Mineral Liberation Analyser (MLA) was used in conjunction with chemical assay to 
determine both composition and liberation characteristics of particles within a sample. 
This method is at present the best method available for mineral composition analysis, 
and was used for all samples using real ore.  
MLA was trialled for some artificial feed samples, but due to cost constraints only 
selected size fractions were sent for MLA analysis to determine the ratio of each 
component present. The data from the selected size fractions (which covered the 
complete size range of the feed) was then interpolated to determine the component 
ratios in the intermediate size fractions. Unfortunately use of the MLA was both too 
expensive and time consuming to be used as standard for artificial feeds when 
compared with density analysis and was not used in the sample analysis of the central 
composite rotatable design test work. 
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3.3.2.2 Component Analysis of Artificial Feeds using Density Measurements 
In binary mixtures with components of two distinct densities it is possible to determine 
the composition of a mixture based solely on its density. This method was chosen for 
use with the artificial garnet/silica feed samples used in the test work conducted in the 
JKMRC pilot plant.  
Density measurements shown in Table 3.2 were taken of the single components using 
a helium pycnometer. Gas pycnometry is a common analytical technique that uses a 
gas displacement method to measure volume accurately. An inert gas such as helium is 
used as the displacement medium. The sample is sealed in the instrument compartment 
of known volume, the helium is admitted, and then expanded into another precision 
internal volume. The pressure before and after expansion is measured and used to 
compute the sample volume; dividing this volume into the sample weight gives the gas 
displacement density. The AccuPyc II 1340 Pycnometer is a fast, fully automatic 
pycnometer that provides high-speed, high-precision volume measurements and 
density calculations on a wide variety of powders, solids, and slurries having volumes 
from 0.01 to 350 cm3 (Micromeritics 2012). 
Large samples were split with a riffle until they were of an appropriate size for the 
measuring cup. The approximate time taken to run one sample was ten minutes. 
Multiple measurements were made of random selected samples of pure mineral in order 
to determine the sample to sample variation for the single components. 
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Table 3.2: Average Densities of Individual Components 
Material Garnet Silica 
 4.1242   2.6744 
 
 4.1171 2.6715 
 4.1363 2.6623 
 4.1333 2.6635 
 4.1260  
Average  4.1274 2.6679 
SD 0.008 0.006 
The mass fraction of each component was calculated from the known density of each 
component based on the average densities for the individual components in Table 3.2 
and the density of the mixture using a simple spreadsheet. The equation used for the 
calculation can be seen below, where x is the volume fraction of quartz in the mixture. 
density of mixture ={ x * (density quartz)} +{ (1-x) * (density garnet)}      (3.1) 
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3.4 Equipment and Experimental Rigs 
The most efficient way to test multiple scenarios in a controlled way was within a pilot 
plant environment, which enables test work on a variety of hydrocyclone diameters and 
changes to particular aspects of the hydrocyclone geometry. Additionally, a pilot rig 
allows for changing operational settings such as pressure and percentage feed solids 
that would be difficult to implement in a plant setting.  
Two experimental rigs were used in the test work conducted as part of this thesis, one 
larger rig fitted with a Krebs D-10 hydrocyclone and a smaller rig fitted with a Krebs D-4 
hydrocyclone. 
3.4.1 Krebs D-10 Rig 
The first rig used was the Krebs D-10 hydrocyclone (Model D-10-BB with 168 apex 
assembly) with a 1000L capacity sump, shown in Figure 3.4. This rig was fitted with 
vezin samplers which provided accurate sampling of both overflow and underflow 
streams. This rig was used for the initial scoping test work conducted with the artificial 
feed.  
3.4.1.1 Hydrocyclone 
The hydrocyclone used was a 10 inch diameter older pattern Krebs hydrocyclone fitted 
with a 102mm diameter vortex finder and a 26mm diameter spigot. The rig is shown in 
Figure 3.4. 
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Figure 3.4: Krebs D-10 Hydrocyclone 
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Figure 3.5: Sump Schematic for the Krebs D-10 Rig 
Sump diagrams have been included to show the sump design used and steps taken to 
reduce the impact of settling within the sump. The sump was fitted with two agitators 
(Figure 3.6), one fitted at an angle on the side of the sump to break up the flow as the 
underflow returns to the sump and one fitted in the centre of the sump, whose position 
relative to the pump and bottom of the sump can be seen in Figure 3.7. 
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Figure 3.6 : Position of Agitators in Krebs D-10 Rig 
 
Figure 3.7 : Agitator Placement in Sump for Krebs D-10 Rig 
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3.4.1.2 Pump 
The pump used was a variable speed Warman 3”, shown in Figure 3.8. 
 
Figure 3.8: Pump for Krebs D-10 Rig 
3.4.1.3 Vezin Samplers 
In order to calculate flow rate accurately, several measurements and checks were 
carried out on the vezin samplers. The vezin samplers in the cyclone rig were designed 
with a 10º opening. The samplers for the Krebs D-10 rig were set to a standard 16 cuts, 
taking 57 seconds to complete all 16 cuts. These measurements were repeated to 
ensure this was a standard time and that the vezin samplers on both overflow and 
underflow would provide consistent samples. 
Due to the large size of the samples collected from the Krebs D-10 rig it was necessary 
to split the slurry accurately and representatively whilst still wet in order to make sample 
preparation faster. A slurry splitter was built for this purpose in the JKMRC workshop 
(shown in Figure 3.9).  
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Figure 3.9: Slurry Splitter 
The slurry splitter consisted of an agitated conical sump with eight collection pots on a 
variable speed rotating table. The internal arrangement of the splitter is shown in Figure 
3.10. The top plate allows the slurry flow from the agitated sump to be diverted into the 
collection pots which are rotating at a set speed. The entire arrangement is encased to 
minimize the loss of sample caused by splashing. This arrangement allowed samples to 
be split into eight equal representative samples. 
63 
 
 
Figure 3.10: Internal Arrangement of Slurry Splitter 
Due to the considerable sample weight and volume the slurry splitter was built with a 
tank that could be lowered when loading with slurry, which can be seen in Figure 3.11.  
 
Figure 3.11: Slurry splitter tank in raised and lowered positions 
Sample Collection Pots 
Tap from Slurry Tank 
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All samples collected from the Krebs D-10 rig were split using the slurry splitter prior to 
being dried, weighed and sized.  
3.4.2  Krebs D-4 Rig  
Only the initial scoping tests were conducted using the artificial feed on the Krebs D-10 
rig. All further test work was carried out using the smaller Krebs D-4 rig to provide 
information on the behaviour of multi-component systems in cyclones of multiple sizes 
due to the inability to scale cyclone testwork. This also allowed for faster sample 
processing and for a larger number of tests utilizing the pyrite ore due to limited supply. 
The rig used had a Krebs D-4 hydrocyclone (Model D-4BB-12O) with a 500L sump. This 
rig was also fitted with vezin samplers to provide accurate sampling of both overflow 
and underflow. 
3.4.2.1 Hydrocyclone 
The hydrocyclone used was a 4 inch diameter older pattern Krebs hydrocyclone fitted 
with a 32mm diameter vortex finder and a 24mm diameter spigot. The rig is shown in 
Figure 3.12. 
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Figure 3.12 : Krebs D-4 Rig 
3.4.2.2 Pump 
The pump used for the Krebs D-4 rig was a variable speed 1 ½ / 1” pump, 
manufactured by Warman.  
3.4.2.3 Sump  
The sump used had a capacity of 500L and was fitted with a single variable speed 
agitator. The shape and dimensions of the sump can be seen in Figure 3.13. 
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Figure 3.13 : Sump for the Krebs D-4 Rig 
 
 
790mm 
950mm 
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Figure 3.14: Agitator Placement 
3.4.2.4 Vezin Samplers 
In order to calculate flow rate accurately, several measurements and checks were 
carried out on the vezin samplers. The vezin samplers in the cyclone rig were designed 
with a 10º opening, therefore sampling 2.78% of the flow. The samplers for the Krebs D-
4 rig were set to a standard 25 cuts, taking 45 seconds to complete all 25 cuts. 
3.5  Experimental Procedure  
For all of the tests conducted, the same experimental procedure was used. 
For each test, a measured volume of water was added to the sump (as required for the 
test), the required amount of solids were weighed and added to sump whilst the stirrer 
was operating. The required operating conditions for the test were set and allowed to 
stabilise. Samples were then taken using the vezin samplers. The samples were 
weighed wet and dry to determine per cent solids and then wet sieved at 38µm and 
20µm for desliming prior to dry sieving. The +38µm material was then dry sieved and 
density measurements of each size fraction made using a helium pycnometer to 
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determine sample density from which sample composition can be calculated using the 
method discussed in Section 3.1.3.2. It should be noted that initial wet sieving of the 
overflow samples took approximately 12-14 hours per overflow sample with the 
underflow samples taking less time. The time taken highlights the difficulty of conducting 
an extensive  program of experimental work with these size fractions. 
Based on the particle size distributions curves are fitted through the experimental points 
using the Whiten reduced efficiency curve to underflow as shown by Equation 3.2 
(Napier-Munn et.al. 1996).  
     = 	
   (   )  
   (   )    ( )  
           (3.2) 
Where xi is the reduced size di/d50c and α is the efficiency parameter. 
3.6 Experimental Methodology – Investigation of Interaction 
Mechanism  
In order to investigate the mechanism of particle interaction, a method would need to be 
used that could determine the behaviour of a particle inside a hydrocyclone containing 
slurry and track its path through the hydrocyclone. As particle movement in a 
hydrocyclone was previously examined using optical methods (Kelsall 1952) and 
tracking a single particle in slurry would not be possible with optical methods, Positron 
Emission Particle Tracking (PEPT) was considered as an option that uses radioactivity 
rather than optical properties to determine the position of a particle inside a 
hydrocyclone containing slurry. As discussed in the previous chapter, a single particle 
tracer is labelled with a positron emitting radionuclide and tracked using a positron 
emission tomography (PET) camera. The annihilation of a positron with a local electron 
releases two nearly collinear 0.511 MeV gamma rays. If both gamma rays are detected 
in coincidence, then the two detection points form a line of response (LOR) along which 
the event occurred (Wildman and Parker 2002). Two or more intersecting LORs can be 
used to triangulate the tracer position. 
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3.6.1 What do we expect to see from PEPT if particle displacement is occurring? 
If particle displacement is the mechanism by which interaction occurs then we would 
expect to see a change in trajectory of the activated light particle with the addition of 
dense material of the same size distribution. If we apply this to the visualisation of the 
effect shown above then we would expect the changes for feeds of lights particles only 
to be as shown in Figure 3.15 (a). The expected effect for the addition of dense material 
of the same size distribution to be as shown in Figure 3.15 (b), and the addition of fine 
dense material in the feed to be as shown in Figure 3.15 (c).  
 
Figure 3.15: Expected PEPT Result – Particle Displacement Theory 
3.7 PEPT Scoping Trials 
As this was the first PEPT work carried out at iThemba labs using hydrocyclones, and 
only simplified hydrocyclone tests have ever been conducted using PEPT as discussed 
in the literature review, scoping trials were required to determine the appropriate 
conditions and processing methods. There were five key aspects to be considered 
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during these scoping trials to determine if it would be possible to track a particle in a 
hydrocyclone: 
 Camera – tracking capability; 
 Tracer production and tracking; 
 Experimental rig set up; 
 Operating conditions of the hydrocyclone; and 
 Data processing. 
3.7.1 Equipment  
The PEPT hydrocyclone test work was conducted at the laboratories of PEPT Cape 
Town, situated at iThemba LABS, Faure, South Africa, which operates a k = 200 
separated sector cyclotron, and a 6 MV van de Graaff accelerator. The cyclotron facility 
routinely produces both light and heavy particle beams for nuclear physics research, 
radiotherapy and radioisotope production (Buffler, Govender et al. 2009).  
3.7.2 The Camera  
The PEPT measurements were undertaken using the ECAT ‘EXACT3D’ (Model: 
CTI/Siemens 966) positron emission tomography camera (Figure 3.16) at the 
laboratories of PEPT Cape Town (Buffler, Govender et al. 2009). The camera consists 
of 48 rings of standard bismuthgerminate detector elements (each 4.39 mm transaxial 
4.05 mm axial 30 mm deep, grouped in blocks of 88) with a ring diameter of 82 cm, 
producing an axial field of view of 23.4 cm. The cylindrical co-ordinate system of the 
positron camera is defined by x (horizontal), y (vertical) and z (axial), with the origin at 
the centre of the active area (Cole, Buffler et al. 2012). 
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Figure 3.16 : PEPT Camera at iThemba Labs (Bbosa 2012) 
3.7.3 Experimental Rig  
The major limiting factor when designing the PEPT experimental rig was the camera 
itself, with the key camera limitations affecting rig design being: 
• Ring configuration; 
• Narrow field of vision;  
• Camera cannot get wet; and 
• Electronics for the camera are at floor level. 
The layout of the rig was defined by the height restrictions imposed by the camera, 
along with the concerns about leaks and splashing close to the camera electronics. 
Ideally the bulk of the slurry would be made up and stored away from the camera. All 
pumps had to be situated away from the camera, as the pumps that were used 
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continually leak a small amount of liquid during operation (part of the pump design), as 
well as being the most likely point at which pipes would come loose and spray slurry. 
The decision was made to run a two sump system with one sump feeding the 
hydrocyclone and one collecting the products (Figure 3.17). This system allowed the 
slurry to be mixed and stored away from the camera when the hydrocyclone was not 
operating and minimised the chances of leaks close to the camera, particularly at floor 
level. 
 
 
Figure 3.17: Experimental Rig Overview 
The rig holding the hydrocyclone was required to be mobile and adjustable in order to 
be removed from the camera and so that the angle could be adjusted once the 
hydrocyclone was in place. The rig used to hold the hydrocyclone itself can be seen in 
Figure 3.18.  
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Figure 3.18: Hydrocyclone Rig in PEPT set-up 
Only part of the hydrocyclone could be in the field of view during the test work as in 
order to feed the hydrocyclone the pipework had to be external to the camera (Figure 
3.19).   
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Figure 3.19: Hydrocyclone Feed Pipe in PEPT Camera 
The areas of the hydrocyclone in the field of view are indicated by the lasers visible in 
Figure 3.20.  
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Figure 3.20 : Hydrocyclone in PEPT Camera Field of View 
The hydrocyclone used had a diameter of 100mm, Figure 3.21 shows a scale model of 
the hydrocyclone with the particle trajectory showing the hydrocyclone section that 
would be seen in the field of view. Location markers are shown by the blue dots. 
Location Marker 
Placement 
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Figure 3.21: Hydrocyclone Model with Location Markers (Donev 2013) 
In order to ensure that the camera did not get wet, and that nothing flowed onto the floor 
(and into the camera’s electronics), the underflow had to be contained prior to flowing 
into the product collection sump. In order to ensure the underflow was producing a cone 
(rather than roping), a perspex tube the same width as the hydrocyclone was used, as 
can be seen in Figure 3.20. The hydrocyclone overflow pipe was fed through the 
camera and into the product collection sump (Figure 3.17) where the overflow and 
underflow were combined before being pumped back to the main sump feeding the 
hydrocyclone. 
Ideally the product collection sump would have been designed with a conical bottom, as 
with slurry (particularly containing a dense component) a flat bottomed sump presents 
issues with solids settling. Unfortunately, there were several restrictions that made the 
use of a conical bottomed sump impossible: 
 Camera height; 
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 Pump inlet height (Figure 3.22); and 
 Recycle pump flow rate. 
 
Figure 3.22 : View of Main and Recycle Pumps for PEPT tests 
The flow rates it was possible to achieve with the respective pumps was governed by 
the power sources available at iThemba labs. The main pump feeding the hydrocyclone 
was powered by a three-phase outlet and therefore operated at its maximum flow rate 
(Figure 3.22). The recycle pump was powered by a single phase outlet (due to a lack of 
three phase outlets available) and controlled with a variable speed drive. This 
determined the maximum flow rates it could achieve which were a fraction of the pump’s 
capability. 
At the beginning of each test the pump used for the product collection sump had to 
reach equilibrium with the main pump feeding the hydrocyclone in order to stabilise 
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pressure, flow rate and the volume of liquid in the respective sumps. Achieving this 
equilibrium took approximately ten minutes during which large rises and falls in liquid 
levels in both sumps occurred. 
As there were serious concerns about the product collection sump during start up, this 
sump was required to have enough capacity for the full volume of slurry that could be 
contained in the system, which was approximately 120L. For a conical sump to hold 
120L of slurry with the restrictions imposed by the camera and the pump, the width 
required would have been impossible to accommodate whilst still allowing the 
necessary access. The best solution was to use a flat bottomed sump as it can provide 
a larger volume in the space available. An additional agitator was added into the 
product sump to deal with the issue of settling, as shown in Figure 3.23. 
 
 
Figure 3.23 : Additional agitator added to PEPT recycle sump 
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3.7.4 Tracer Production and Tracking 
In order for this work to be successful it was vital that the density of the tracers could be 
altered to a set density range closely matched to that of the light component, silica. This 
had not been done previously and so a method was developed that allowed the density 
of the tracers to be altered. It was also important that the size of the tracer remained 
small enough to match the size of particles present in the slurry.  
Due to the specialised nature of tracer production the author could not manufacture the 
required tracers for the test program. The tracer manufacture methodology used in the 
test program was developed by Cong Liu and Michael van der Heerden at iThemba 
Labs, based on discussions with the author. All tracers used during the PEPT work 
were produced by Cong Liu. 
The PEPT tracers used in this test work were Purolite NRW100, which is a strong cation 
exchange resin composed of a polystyrene structure crosslinked with divinylbenzene, 
with sulphonic acid functional groups. The resin particles are distinct spheres, with a 
specific gravity of 1.2 (Purolite International, 2010). 
The tracers were radiolabelled with 68Ga in chloride form provided by a 68Ge/68Ga 
generator. A solution of approximately 8-13 mCi of 68Ga (dependent on the age of the 
generator) was eluted from a 68Ge/68Ga generator and evaporated to dryness. The 
activity was collected with 0.2 ml 0.01 M dilute HCl solution containing 3 resin particles 
(400 um), and shaken at 1500 rpm for about 20-30 minutes. The labelled tracers were 
separated from the solution with fine-tipped tweezers and the activities of the labelled 
tracers were then measured in an ionization chamber (Liu 2013). 
Following the labelling procedure, the density of the tracer was altered to match that of 
the light component by coating the labelled tracer with analytical grade nickel powder 
combined with an epoxy-resin. The epoxy glue was mixed in a one to one ratio, the 
nickel powder added and mixed well, with the nickel powder continuing to be added until 
the mixture became saturated. As it was not possible to accurately determine the 
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correct amount of nickel required, the maximum amount of nickel was added to the 
epoxy as the layer of epoxy could be easily reduced once made but not added to.  
The labelled tracer was placed on a hotplate at 100oC for a few minutes, during which 
time the epoxy-nickel mixture was allowed to settle. Using fine-tip tweezers the tracer 
was coated in the epoxy-nickel mixture, then placed on the hotplate at 100oC for 
between 5 and 10 minutes (dependent on the thickness of the coating layer); when 
ready the coating layer became hard. In order to test the density of the coated tracer, it 
was placed in two different density solutions of LST (2.6 and 2.8 g/ml respectively), and 
if the tracer was not in the density range between the two solutions, a small piece of the 
coating layer was shaved off using a surgical scalpel. This was repeated until the tracer 
reached the right density (Liu 2013). 
During this procedure care had to be taken to maintain a size as close to 600µm as 
possible in order for the tracer to match the larger end of the size distribution in the 
hydrocyclone. If the size of the tracer differed too much from the size distribution of the 
silica used in the hydrocyclone it would very difficult for any displacement to occur (as 
the mass could be larger than the largest dense particles) and therefore any results 
would be inconclusive. 
Following tracer production and coating the activation present on the tracer was roughly 
between 400 and 1200µCi. As the half-life of the 68Ga is 68 minutes, the tracking time 
available varied significantly. The rough cut off point for tracking to be successful is 
200µCi, allowing for a minimum tracking time after tracer production of approximately 
one hour. 
Whether or not a tracer can be tracked in the system is related to a combination of 
tracer velocity, shielding between the tracer and detectors, residence time in the field of 
view and total tracking time. The total tracking time is related not only to the total length 
of time a tracer can be tracked (based on tracer activity) but also the residence time in 
the field of view and how often the tracer passes through the field of view during the run. 
One concern was the length of time it would take for the tracer to be reintroduced once 
it has passed through the system. Ideally tracers are introduced as close as possible to 
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the camera and following a pass through the camera they are isolated and reintroduced 
immediately.   
In the test rig the tracer could be introduced either directly into the hydrocyclone feed 
pipe or into the main feed sump after which it would be pumped to the hydrocyclone. 
Returning the tracer to the hydrocyclone after it has passed out of the underflow could 
either be achieved by catching the tracer and reintroducing it or by allowing the tracer to 
recirculate through the system. The practical implications of catching the tracer and the 
time required made recirculation the natural option to reintroduce the tracer. The natural 
introduction point would be the main sump feeding the hydrocyclone (see Figure 3.17).  
The tracer production during the scoping trials was very successful, particularly in 
regards to altering the tracer density as there were no occasions where the tracer could 
not be used due to being outside of the desired density range. It did become apparent 
however that the variation in size was difficult to control due to the tracers being coated 
and shaved by hand. This could be improved by increasing the nickel to epoxy ratio 
although some variation was always present due to the method of production. The 
activity on the tracers varied from 435µCi to 1670µCi with tracking times varying 
between 30 and 180 minutes (tracer half-life being 68 minutes).  
The total number of passes for a tracer in 30 minutes varied greatly, with the variation 
due to both to the tracer residence time in the sumps (particularly in the product 
collection sump) and the tracer becoming trapped in some cases. In the latter case it 
had to be manually removed from the system and reintroduced to the main sump. 
At the end of each test the tracer was found using a hand held Geiger counter so that it 
could be isolated and removed from the system. Several methods were trialled to 
remove the tracer from the system during the scoping trials: 
 Isolation of the tracer in the product collection sump, allowing the solids to settle 
before pumping the excess liquid from the sump; 
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 Isolating the tracer in the main sump and allowing the slurry to settle before 
opening the discharge valve into a bucket; and 
 ‘Catching’ the tracer as it exited the hydrocyclone through the underflow. 
Following the isolation of the slurry containing the tracer, it was removed from the 
system and repeatedly split into smaller volumes until the tracer could be seen with the 
naked eye and removed with tweezers. 
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3.7.5 Operation of the System 
Operating a hydrocyclone containing a radioactive tracer presents a unique set of 
problems and when coupled with ensuring that the hydrocyclone was operating in a way 
that allowed the tracer to be tracked it created many operational challenges. 
The radioactivity of the tracer and the safety concerns surrounding radioactivity 
presented a variety of operational issues. Leaching of the tracer in the slurry or 
breakage of a tracer during a run would make the entire system active at which point it 
would have to be left overnight or until it was no longer active. The volume of liquid used 
exacerbated the problem as even a small amount of activity was a safety concern. 
During any period that the tracer was in the system, the liquid contained within it was 
considered active, which meant that no sampling could take place and that any 
operational issue requiring intervention with the system had to wait until the system was 
no longer active. 
 The velocity of the tracer as it enters the hydrocyclone is one of the most important 
factors determining whether or not the tracer can be tracked. The upper limit of the 
tracer velocity that could be tracked for this system was unknown as tracking is related 
to a combination of tracer activity, velocity and the amount of shielding between the 
tracer and the detectors. As tracer velocity is dependent upon flow rate, various flow 
rates were tested as part of the scoping trials. As it was also important that this work 
was as closely related to normal hydrocyclone operation as possible, it was preferable 
that very low flow rates were not used for the final test work.  
3.7.5.1 Optimal Operating Conditions  
Following the trials it was determined that an operational pressure of 20kPa was the 
maximum that could be achieved with the equipment set up, and tracers could be easily 
tracked down to 200µCi.  
The scoping trials were conducted using water only and two slurries, with the second 
slurry containing increased per cent solids. The results showed that increasing the per 
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cent solids increased the error present in the measurements. In conjunction with the fact 
that the addition of garnet would increase the density of the slurry (and therefore cause 
more attenuation) it was decided that maintaining a per cent solids in the feed of 10% 
would give the best chance of tracking the tracer during the full test program. 
3.7.5.2 Slurry Handling and Disposal 
One major unforeseen issue with operating a system containing a radioactive tracer 
was the slurry itself. The handling and disposal of the slurry was problematic not only 
when the slurry was active (i.e. contained a radioactive source, the tracer) but also 
between runs and following the conclusion of the tests. Between each test the slurry 
had to be removed from the system to prevent leaks and had to be stored within the lab. 
If the system was active this could not occur and all slurry would have to be pumped to 
the main feed sump.  
3.7.6  Data Processing of Scoping Test work 
All processing of the PEPT data acquired during this work was conducted by Dr 
Indresan Govender and Ivajilo Donev from the Department of Physics at The University 
of Cape Town based on discussions of algorithm requirements and application to the 
hydrocyclone with the author, and was provided to the author in an unpublished internal 
report. Their contribution to this work is gratefully acknowledged.  
As the tracer moving through the cyclone has both a short residence time and is 
travelling at a high velocity, the existing triangulation algorithm used previously (Bbosa, 
Govender et al. 2010) for the PEPT work conducted in tumbling mills at the iThemba 
facility required modification in order to accurately triangulate tracer position in a 
hydrocyclone.  
The original algorithm inferred the approximate position of the tracer with time by 
triangulating over a sequence of frames, each consisting of a group of Lines of 
Response (LoRs). The position was determined in each frame with the representative 
time being the average of all the LoRs in each frame, the implication being that each 
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LoR belonged to a single frame and therefore could only be used once per triangulation 
(Bbosa, Govender et al. 2010) 
3.7.6.1 Modifications made to the triangulation algorithm 
As the hydrocyclone has a much shorter residence time and would be moving at a 
relatively high velocity it was felt that using the existing system where each Line of 
Response could only belong to a single frame would not adequately describe the tracer 
trajectory. The algorithm was modified to allow overlapping frames of sequential LoRs 
with the provision that each LoR can belong to more than one frame. A time-step (Δt) is 
specified based on the user’s knowledge of the system considering the time taken for 
the tracer to move through the hydrocyclone, with the time-step required to be small 
enough to capture the detail of the tracer trajectory but not so small that there extensive 
computation is required. By time-stepping using the user defined discretization for each 
time, a group of sequential LoRs is determined, with an average time closest to the time 
set. If more than one group of LoRs has the closest average time, the group with the 
smallest standard deviation in time for the LoRs is chosen as representative.  
The original triangulation procedure as described in Bbosa, Govender et al. 2010 is then 
used on each frame to obtain an approximate tracer position (Govender and Donev 
2013). 
As the tracer would be passing in and out of the hydrocyclone a screening framework 
was developed to determine the time when the tracer is most likely not in the PEPT 
camera’s field of view. If for a specific time frame the standard deviation for the LoRs is 
higher than a time limit set by the user (σtol) this implies that the overall ‘activity’ at this 
time is low and therefore the tracer is likely to be outside the cameras field of view. The 
frame is then considered to be empty and is discarded.  
This process allows the user to isolate individual passes of the tracer through the 
hydrocyclone and avoids having to triangulate random noise during periods when the 
camera is empty. A comparison of the two algorithms (Figure 3.24) shows the 
considerable improvement made using the new algorithm particularly in eliminating 
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random noise. The use of the new algorithm considerably reduces the need for post-
processing data filtering and triangulation (Govender and Donev 2013).  
 
Figure 3.24 : Comparison of (a) new algorithm and (b) original algorithm 
The data processing of the tests conducted as part of the hydrocyclone scoping trials 
allowed the optimal parameters to be used in the algorithm for the processing of the 
hydrocyclone PEPT data.  
3.7.7  Summary of Scoping Trial Findings 
The scoping trials showed that it is possible to track the movement of a tracer present in 
slurry through a hydrocyclone. As this was novel work the tracer production, operation 
conditions and data processing techniques were all determined through the scoping 
trials. The key findings from the trials were: 
 Tracer passes through the system are erratic; 
 Attenuation increases with increasing feed per cent solids; 
 The flow rate used was determined by pump and sump capacities; 
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 Tracers can be made with the required densities; 
 The data processing algorithm has been modified for use with hydrocyclones; 
and 
 Optimal parameters for processing of hydrocyclone PEPT data have been 
determined. 
 
3.7.8  Conditions of Test Work 
The test program conducted to test the particle displacement hypothesis had 10% solids 
present in the feed by mass and pressure at 20kPa for all of the tests. The other 
conditions are summarised in Table 3.3. 
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Table 3.3 : Conditions of Mechanism of Interaction Testwork 
Test 
Number 
Slurry 
Composition 
Tracer 
Activation 
(µCi) 
Tracer Core 
Size (µm) 
Tracer 
Coated Size 
(µm) 
Run Length 
(minutes) 
1 Water 937 530 No Coating 90 
2 Water 435 410 700x800 30 
3 Water 634 400 850x800 60 
4 Water 503 430 750x750 60 
5 Silica 860 410 600x850 105 
6 Silica 1170 520 No Coating 150 
7 Silica 1670 430 600x900 90 
8 Silica 1500 510 No Coating 180 
9 Silica 580 410 600x600 75 
10 Silica 1439 630 No Coating 30 
11 Silica 897 410 650x650 145 
12 Si/Fine Garnet 805 390 600x600 105 
13 Si/Fine Garnet 1016 390 600x630 120 
14 Si/Coarse Garnet 1405 410 630x600 180 
15 Si/Coarse Garnet 956 390 600x630 90 
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 Results 
As was established in the literature review there is almost no experimental data 
available describing the classification of multi-component feeds in hydrocyclones. The 
only available models for hydrocyclones treating multi-component feeds in simulation 
packages, such as JKSimSand, are based on the assumption that components behave 
independently during classification and therefore existing hydrocyclone models can be 
applied to treat each component as an entirely separate homogeneous feed. However, 
no published data exists to support this assumption. 
Using existing hydrocyclone models, predictions can be made about the change in cut 
size with changing operating conditions. Observations have been reported in the 
literature suggesting that altering the operating conditions of the hydrocyclones, such as 
feed per cent solids, may influence the components within a multi-component feeds to 
different extents. 
In order to effectively model multi-component feeds the author first needed to determine 
whether component behaviour is independent or interactive as this defines the path for 
the development of a multi-component hydrocyclone model. If component interaction 
does occur, the effect of operating conditions on the individual components needs to be 
quantified with data collected over range of operating conditions as there are currently 
very few data sets available with the requisite detail to model the system. 
4.1 Artificial Feed Initial Trials 
In order to determine if components behave independently of each other in a multi-
component feed, initial tests were conducted using the Krebs D-10 cyclone rig as 
described in Chapter 3. The feed consisted of a mixture of 10% garnet (density 4.12 
kg/m3) and 90% silica (density 2.66 kg/m3), with the size distributions of the two 
components being adjusted to be as close to each other as possible as, described 
earlier. The size distributions are shown in Figure 3.3. In all figures all points are 
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experimental and all curves are fitted using the Whiten efficiency curve function as 
shown in Section 3.2. 
As expected the d50c values of the two components were significantly different (Figure 
4.1). For the first test conducted the d50c of the quartz was 84 µm, while that of the 
garnet was 60 µm. The overall d50c of the mixture (83 µm) was very close to that of 
quartz, the dominant mineral present.  
 
Figure 4.1: Corrected Partition Curves for Artificial Feed Components 
Three replicate tests were conducted under these operating conditions with the data 
from the second test being being shown in Figure 4.2. All data for this work can be 
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found in Appendix A. The partition curves for silica showed less variation between 
replicates than the partition curves for the garnet, which would be expected due to the 
composition of the feed as any sampling or composition calculation error would be 
magnified due to the small amount of garnet present. The calculated d50c of the quartz 
for the replicate tests was 84, 85 and 92µm. The replicate tests gave d50c for garnet of 
45, 54 and 60µm.  
 
Figure 4.2: Replicate Corrected Partition Curves for Artificial Feed Components 
Tests were also conducted under the same operating conditions with the feed 
consisting of silica alone. The d50c for the silica classified alone was finer than when 
classified in a mixture (Figure 4.2), suggesting that some of the denser garnet is 
displacing some of the silica and causing an alteration in d50c for the lower density 
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component in the mixture. The fitted curve for the silica as part of a mixture in Figure 4.3 
is from Test 1.  
 
 
Figure 4.3: Corrected Partition Curves Comparison for Quartz 
The results shown above, with the quartz classified alone having an average d50c of 
68µm with quartz classified in a mixture having a d50c of 84µm, suggested that 
components do not behave independently during classification. The presence of the 
dense component appears to influences the d50c of the lighter component, which 
supports the findings of Cho (1993) for both the four-inch and eight-inch hydrocyclones 
(see Chapter 2). 
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4.2 Conclusions from Initial Testwork 
One key conclusions that can be drawn based on these initial tests conducted in the 
JKMRC pilot plant: 
1. Components do not behave independently during classification in a multi-
component feed. 
The findings from the initial test work showed that it would be necessary to undertake a 
comprehensive study of the interactive behaviour of the components in a multi-
component feed in order to develop an accurate predictive model. The assumption 
made by previous models that component behaviour is independent appears to be 
false. As information regarding the influence of varying operating conditions of 
interactive component behaviour is unavailable, data would need to be collected over a 
wide range of operational conditions (particularly mass per cent solids in the feed) to 
quantitatively define both the component interaction relationship and the relationship of 
individual components to hydrocyclone operating conditions. 
  
94 
 
4.3 Experimental Results 
The quartz and garnet initially added to the sump had been carefully prepared to have 
matching size distributions. As a check on the experimental procedure, the feed to each 
test was reconstituted based on sizing and component analysis of the underflow and 
overflow samples. As can be seen in Figure 4.4, the reconstituted size distribution of the 
feeds differed greatly between the tests. As the samples were taken by vezin samplers 
which can be assumed to be extremely accurate, it can only be assumed that the 
cyclone in effect ‘saw’ and therefore classified a different feed to the one present in the 
sump.  
 
Figure 4.4 : Reconstituted Feed Size Distributions 
As can be seen from Figure 4.5 and Figure 4.6, the change in size distribution is 
considerably more pronounced for the garnet. The change is thought to be due to the 
20
30
40
50
60
70
80
90
100
10 100 1000
C
u
m
u
la
ti
ve
 %
 P
as
si
n
g
Particle Size (µm)
95 
 
coarsest garnet fraction (+106µm) dropping out of suspension and being held in the 
feed sump due to insufficient agitation by the stirrer. Whilst most of the silica size 
distributions were not as greatly affected, the size distribution of the silica present in the 
10% garnet, 90% silica mixtures was altered and can be seen as the lime green line in 
Figure 4.5. 
 
Figure 4.5 : Reconstituted size distribution of quartz in the feed 
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Figure 4.6 : Reconstituted size distribution of garnet in the feed 
Although the CCRD test program was originally designed to investigate the behaviour of 
components of the same size distribution, the alteration of the size distributions, in 
particular the alteration in the garnet size distributions, introduced an additional variable. 
This meant that the type of analysis required was different but with careful analysis and 
utilising an understanding of fundamental particle behaviour the altered size distribution 
information could be used to provide additional information to inform the model. The 
actual conditions tested and final results are shown in Table 4.1.  
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Table 4.1: Results of the CCRD conducted in the JKMRC pilot plant 
% 
Garnet 
% 
Solids 
Pressure 
(kPa) 
P80 
Silica 
(µm) 
P80 
Garnet 
(µm) 
d50c 
Overall 
(µm) 
d50c 
Silica 
(µm) 
d50c 
Garnet 
(µm) 
37 27 125 78 54 13.2 18 8.2 
41 30.6 75 104 68 12.6 17.8 9.1 
40 29.1 100 88 62 12 16.8 7.7 
39 28.6 100 89 65 13 16.6 8 
36 27.9 100 76 52 10.7 14.5 6.7 
34 26.8 100 77 51 14.2 20.2 8.8 
45 32.9 100 100 74 9.6 13.1 5.4 
42 29.3 100 94 67 13.2 18 8.2 
16 41.1 115 96 73 29.8 46.9 15.3 
17 40.4 85 84 67 28.1 46 13.8 
14 19.6 115 77 57 10.5 11.5 6.6 
12 21.4 85 81 52 10.4 11.4 6.2 
100 39.8 100  116 21  21 
100 32.4 75  101 8.1  8.1 
0 34.8 100 93  23.5 23.5  
0 33.3 75 87  24.2 24.2  
75 23.8 85 73 56 5.2 7.2 4.7 
74 15.9 115 57 39 7 9.4 6.4 
58 32.6 115 66 79 13.7 27.5 5.3 
74 34.5 85 93 60 11.9 19.5 7 
37 14.7 100 80 54 6.6 8.1 5.1 
47 49.4 100 82 78 44.5 54.2 25 
7 28.5 100 96 71 18.7 19.9 9.2 
8 32.1 75 110 87 23.7 26 10.6 
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In order to develop a model from the results of the experimental program it was 
important to understand the correlations between the variables. Figure 4.7 shows 
scatter plots of the variables tested, from which it can be seen that there are many 
correlations between the variables, however only some of the correlations will be useful 
in informing the model. 
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Figure 4.7 : Matrix plot showing variable correlations 
Figure 4.7 shows some interesting trends with the main dependent variables, the two 
cut-points. One key trend to note is that both the d50c Silica and d50c Garnet are strongly 
correlated with per cent solids in the feed and with each other.  
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Due to the feed segregation that occurred during the test program, there was a loss of 
control of the feed size distributions of the two components which influenced both the 
total feed per cent solids and component proportions within the feed. The loss of control 
of these variables means that there are some correlations that will confuse the selection 
of appropriate independent variables in the regression; the model might choose an 
inappropriate variable because it happens to be correlated with the ‘real’ one and so will 
replace it in the model. In order to make an informed choice about the appropriate 
variable for the model, we need to develop an understanding of the mechanism by 
which this interactive behaviour is occurring within a multi-component feed. 
4.4 Analysis of Particle Displacement Theory - The Force Proxy 
Model  
Prior to assessing the mechanism of interaction experimentally the viability of particle 
displacement theory was analysed mathematically and through comparison with the 
available experimental results. This was done by a spreadsheet (Appendix D) which 
calculates a force proxy value for each particle in a given feed. The spreadsheet was 
designed by Dr Toni Kojovic in discussion with the author regarding the mechanism of 
interdependence and the possibility of particle displacement acting as the underlying 
mechanism. A force proxy is a value assigned to a particle based on its immersed mass 
assuming that heavier particles are subject to larger separation forces within the 
cyclone and therefore have a higher ‘ranking’ during classification. The particle force 
proxy value is calculated by: 
Force Proxy =K.m     (4.1) 
Where, m = average particle immersed mass. 
The average mass of a particle within a set size range is based on its density and 
average volume. The calculations and assumptions made for this can be seen in 
Appendix D. 
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The particles are then ranked from largest to smallest force proxy value. A force proxy 
value is then assigned to be the point at which everything larger goes to the underflow 
and anything smaller is sent to the overflow. From this the percentage of each 
component in the underflow and overflow can be determined. This analysis assumes 
fixed operating conditions and hydrocyclone geometry. Some of the results obtained 
with this analysis using different size distributions for each component are interpreted 
below. 
4.4.1  Analysis of Components with Matching Size Distributions 
As can be seen from the example in Appendix E, an analysis of a feed composed of 
90% Silica /10% Garnet compared with a feed composed of 50% Silica/50% Garnet, 
suggests that there is a greater relative proportion of garnet to underflow when there is 
less silica in the feed. That is, the garnet d50c is smaller with less silica in the feed. The 
effect would be more dramatic if the underflow particle number carrying capacity was 
reduced. This example demonstrates that there is competition for exit through the 
underflow which can be affected by the proportion of silica in the feed, even when all 
else is equal (flow rate, %solids, and size distribution).  
4.4.2  Analysis of Components with Different Size Distributions 
An analysis of a feed composed of 90% Silica /10% Garnet with a coarser light 
component and finer dense component based on the size distributions shown in Figure 
4.8 suggested that there was a smaller relative proportion of garnet in the underflow 
when compared with a feed composed of 50% Silica/50% Garnet. That is, the garnet 
d50c is larger with less silica in the feed if the silica has a coarser size distribution than 
the garnet. 
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Figure 4.8: Size Distributions of Feed Components used in Force Proxy Model 
However, for an analysis of a feed with a coarser dense component (analysis conducted 
using the size distribution shown in Figure 4.9) a comparison of the analysis of a feed 
composed of the 90% Silica /10% Garnet with a feed composed of 50% Silica/50% 
Garnet, suggests that there is a greater relative proportion of garnet to underflow when 
there is less silica in the feed. That is, the garnet d50c is smaller with less silica in the 
feed if the silica has a finer size distribution than the garnet. 
0
10
20
30
40
50
60
70
80
90
100
0 20 40 60 80 100 120
C
u
m
u
la
ti
ve
 %
 P
as
si
n
g
Size (µm)
Silica fit
Garnet fit
102 
 
 
Figure 4.9 : Size Distributions of Feed Components used in Force Proxy Model 
The observed change in relative proportion of garnet in the underflow from a feed 
composed of the 90% Silica /10% Garnet with a feed composed of 50% Silica/50% 
Garnet is much larger than seen in the analysis conducted using matching size 
distributions. That is, the garnet d50c is smaller when the silica has a finer size 
distribution than when the size distributions of the components are the same. 
4.4.3  Limitations of the Force Proxy Model 
There are limitations as to what can be achieved using this type of mathematical 
analysis to develop an understanding of the component interaction mechanism. Simple 
mathematical analysis cannot reflect the complex interactive behaviour of the proportion 
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of components and per cent solids in the feed directly, as the effect of increasing feed 
per cent solids has no effect on the proportions of components to the underflow. The 
behaviour of the components with increased feed per cent solids can be inferred by 
reducing the force proxy value which is the equivalent of restricting the apex, as an 
increase in the feed per cent solids would mean increased competition for particles to 
exit via the apex. 
4.4.4  Conclusions from the Mathematical Analysis of Particle Displacement 
Theory 
The mathematical analysis of particle displacement theory suggests that that there is 
competition for exit through the underflow which can be affected by the proportion of 
silica in the feed, even when all else is equal (flow rate, %solids, and size distribution). It 
also suggests that by altering the relative size distributions of the components the 
amount of displacement of particles is altered and that by restricting the apex the effect 
is amplified. Whilst the mathematical analysis cannot conclusively prove or disprove the 
theory it does suggest that particle displacement is a plausible explanation for the 
component interaction seen in the experimental test work. 
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4.5 PEPT Results 
Once the approximate tracer location with time was been inferred using the modified 
PEPT algorithm developed during the scoping trials, the data of triangulated tracer 
location with time was imported into MatlabTM for each pass through the hydrocyclone.  
The positional data was filtered and smoothed by disregarding all position points which 
are more than a calculated value from both the preceding and proceeding positions in 
time. The triangulated positions were rotated in space such that the axis of the 
hydrocyclone coincided with the z-axis, using the location markers to infer the 
orientation (Govender and Donev 2013). 
A cubic spline interpolant was then fitted to the data to provide a continuous trajectory in 
time. A radial residency plot was calculated using passes obtained from all runs under 
the same condition set (Govender and Donev 2013). . 
A typical plot of the triangulated data for a single pass through the hydrocyclone can be 
seen in Figure 4.10. The location marker positions are superimposed in blue.  
a) (top left) Projection onto the X-Y plane; 
b) (top right) Projection onto the X-Z plane;  
c) (bottom left) Projection onto the Y-Z plane; and  
d) (bottom right) 3D isometric view of trajectory.  
The helical motion through the cyclone can clearly be seen with a superimposed cone 
for the cyclone. The data obtained is physically reasonable based on existing 
knowledge of particle trajectories in a hydrocyclone determined by optical methods, due 
to the use of overlapping frames during the triangulation process and the use of a very 
small time-step (Govender and Donev 2013).  
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Figure 4.10 : Sample PEPT tracer pass through hydrocyclone from run 12 with a 
sample cone to represent the geometry of the hydrocyclone (Govender and 
Donev 2013).  
As the data consists of random phased spiralling trajectories, the particle paths needed 
to be averaged to perform comparisons between different passes through the 
hydrocyclone. This results in loss of information as we condense out a degree of 
freedom (Govender and Donev 2013). Figure 4.11 shows all of the passes through the 
hydrocyclone at a single operating condition. As the tracer was a very coarse light 
particle, it would be expected to report to the underflow for all of the conditions tested. 
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Figure 4.11: Illustration of all passes through the cyclone for a single operating 
condition (Govender and Donev 2013)  
Figure 4.11 suggests that there is more than one possible particle trajectory through the 
hydrocyclone even under the same operating conditions. This implies that partition 
curves are likely to be probabilistic rather than deterministic as previously assumed by 
some workers. Further work would be required to determine whether this observation is 
a real effect or due to experimental and data processing error present in the PEPT 
procedure. 
As the tracer enters and leaves the camera’s field of view many times during an 
experimental run, particle trajectories are required to be averaged over multiple passes 
which may all be out of phase. Radial-height residence plots are the only way to do this. 
A sample plot is shown in Figure 4.12. 
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Figure 4.12: Sample radial residency plot per height for tracer 5 and 
superimposed modal radial position with height in black (Govender and Donev 
2013). 
The limited nature of the data, arising from the small amount of time the tracer spends 
in the field of view of the camera, and the high velocity of particles during hydrocyclone 
operation produces rather noisy data. Despite smoothing this data many times, 
comparison between different running conditions is difficult due to the high level of noise 
which appears to exceed the differences between operating conditions.  
In Figure 4.13 we compare the speed and acceleration as a function of height (z), the 
radial modal position as a function of height (z) and the residence time and the 
histogram of the average residence time over all passes (with corresponding error). The 
velocity and acceleration magnitudes obtained are realistic, suggesting that with more 
test work (and statistics) the fluctuations could be reduced and ultimately the trends 
between different operating conditions could be determined quantitatively (Govender 
and Donev 2013). 
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Figure 4.13: Comparison of PEPT data across tracers (Govender and Donev 2013) 
An animation of a particle pass through the hydrocyclone can be seen in Appendix E.  
4.6 Conclusions from the PEPT Experimental Program 
The PEPT trials were successful in tracking a tracer particle in slurry through a 
hydrocyclone. However only qualitative information could be gained from the 
experimental program as the magnitude of the uncertainty in the trajectory was larger 
than the differences between the particle trajectories under different conditions. Due to 
this it was not possible to determine whether particle displacement was the mechanism 
behind component interaction, The time delays to the work discussed earlier in this 
chapter led to less tracking time than anticipated for each operating condition and with 
further work the author believes that it would be possible to use PEPT to determine 
whether particle displacement is taking place. 
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4.6.1 Comparison of PEPT findings 
Since the conclusion of this work, another paper describing the use of PEPT in 
hydrocyclones has been published (Radman, Langlois et al. 2013). The paper studied 
the motion of silica particles in a two-inch standard C124 Mozely hydrocyclone with the 
camera using being an ADAC Forte with MCD coincidence.  
The silica particles were irradiated using direct activation using 18F (half life of 110 
minutes), with particles in the size range -2000+150µm (Radman, Langlois et al. 2013). 
However, only two runs were conducted, with pressures ranging between 20 and 35 
bar, making the velocities in the hydrocyclone much higher than in the tests conducted 
by the present author. As discussed previously, the higher the velocity of the tracer, the 
more difficult the tracer is to track. The small amount of tracking time that would have 
been available from only two runs (conducted at different operating conditions), coupled 
with the high velocities would mean that any positional data would have a very high 
level of uncertainty. 
The data acquisition algorithm used to process the data from the tracers in Radman, 
Langlois et al. (2013), is similar to the original algorithm used in the tumbling mill 
research conducted at PEPT Cape Town (Bbosa et al. 2010) which inferred the 
approximate position of the tracer with time by triangulating over a sequence of frames. 
The algorithm was modified in the present author’s work to allow overlapping frames of 
sequential LoR’s with the provision that each LoR can belong to more than one frame. It 
was clear from the data collected by the present author that modified algorithm provided 
much more accurate data than the original algorithm as demonstrated in Figure 3.24.  
Figure 4.14 and Figure 4.15 show results from the PEPT runs conducted in Radman, 
Langlois et al. (2013). 
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Figure 4.14: Results for Pass 2/ Run 1 with +1700-2000µm tracer (Radman, 
Langlois et al. 2013) 
 
Figure 4.15: Results for Pass 1/ Run 2 with +150-250µm tracer (Radman, Langlois 
et al. 2013) 
The trajectories produced deviate significantly from what we currently know about 
particle trajectories in a hydrocyclone based on the work of Kelsall (1953), particularly 
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when compared with the findings of the present author’s work which demonstrates 
spiralling trajectories very similar to that shown by Kelsall (1953) by optical methods.  
The claims made by the paper’s authors about the unusual behaviour of the particle 
trajectories would require further testing as only one run was conducted at each 
condition which would provide enough data to make these conclusions. The uncertainty 
in the calculated tracer position in this work appears to be high due to a combination of 
factors, specifically the high velocities used, the small number of runs conducted and 
the type of algorithm used in the data processing.  
It appears that the present author’s data is more closely aligned with the existing work 
on particle trajectories than the data presented by Radman, Langlois et al. (2013).  
4.7 Effect of Increasing Feed Solids on Classification of Multi-
Component Ores 
In order to gain some idea of whether it was possible to apply the basic principles of 
particle interdependence to a system containing composite and liberated particles, 
several tests were conducted utilising a real ore at different feed percent solids in the 
Krebs D4 cyclone rig to gauge the effect of composites on the findings from the artificial 
feed.  
A simple binary (pyrite-silicate) ore containing less than 2% pyrite was used as the feed. 
As the ore was coarse-grained, the pyrite in the feed was largely liberated, particularly 
in the finer size fractions. Pyrite has a density of 5.0 kg/m3, while the liberated gangue 
had a density between 2.60 and 2.75 kg/m3 .The densities of the composites lay 
somewhere between these limits. Due to the low number of composite particles present 
in the size ranges used, there were too few particles available to draw individual 
partition curves for each density band so all particles that were not fully liberated were 
lumped together as one density fraction for the purposes of analysis. 
The hydrocyclone geometry for all three tests was kept constant (details discussed in 
Section 3.1), and the cyclone operating conditions were carefully controlled at an 
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operating pressure of 100kPa, with only the feed mass per cent solids being varied 
between tests. Tests were conducted at 25, 30 and 50 per cent solids by weight. 
Samples were taken from the underflow and overflow using automated Vezin samplers, 
and the samples were then sized and analysed both by chemical assay and by the 
MLA. Individual partition curves were fitted for each component, pyrite, gangue and 
composite particles, and d50c values determined. The results for feed solids of 50 per 
cent are shown in Figure 4.16. As with the artificial ore, there is a distinct difference 
between the d50c values of the different density components. The largely silicate gangue 
had a d50c of 49 µm, the pyrite d50c was 14 µm, and the d50c of the composite component 
was 21 µm. 
 
Figure 4.16: Partition Curves for Pyrite, Gangue and Composite Particles at 50% 
Mass Solids Concentration 
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The effect of changing the feed per cent solids from 50 to 25 on the classification of 
each component is shown in Figure 4.17 for the gangue and 4.18 for the pyrite. The 
difference in d50c between pyrite and liberated gangue for the high feed mass per cent 
solids is much larger than for the low feed mass per cent solids. The d50c values for the 
gangue changed from 56 to 18µm, a factor of approximately 3 and from 17.3 to 8.6µm 
for the pyrite, a factor of approximately 2. 
 
Figure 4.17: Comparison of Partition Curves for Gangue at 25% and 50% Mass 
Solids Concentration 
 
0
25
50
75
100
0 10 20 30 40 50 60 70 80 90 100 110 120
P
ar
ti
ti
o
n
 C
o
ef
fi
ci
e
n
t 
to
 U
n
d
e
rf
lo
w
Particle SIze (µm)
Gangue 25%
Solids
Gangue 50%
Solids
114 
 
 
Figure 4.18: Partition Curves Comparison for Pyrite at 25% and 50% Mass Solids 
Concentration 
Making a smaller change in feed mass per cent solids, from 25 to 30 % resulted in no 
change in the pyrite d50c, although a small change in the gangue d50c was seen. A 
similar result was obtained by O'Brien et. al. (2001); the lowest density fraction (1.28 t 
m-3) showed the largest shift in d50 when the feed mass per cent solids increased from 
10 to 20 per cent. These results suggest that the increasing the feed mass per cent 
solids increases interactions between different density components and the effect is 
most marked with the largest increases in mass per cent solids.   
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 Model Development 
As discussed in Chapter 1 of this thesis the objective of this thesis was to test two 
hypotheses; 1) components of different densities do not behave independently during 
classification, even when they are fully liberated and, 2) the operating conditions of the 
hydrocyclone influence the degree of component interdependence. Then, based on the 
experimental investigation of these two hypotheses, the aim was to develop a new 
predictive hydrocyclone model for multi- component feeds which incorporates both 
particle density and feed composition as variables. This chapter discusses the 
development of this model and the choice of the final model based on the regression 
analysis conducted and the understanding developed of the mechanism driving the 
component interaction. 
5.1 Development Methodology and Variable Selection 
The methodology employed for the development of the models for d50c of the individual 
density components was regression analysis of the data produced from the CCRD 
conducted in the JKMRC pilot plant. The results of this data set can be seen in  
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Table 4.1. 
As discussed previously, scatter plots of the results produced using Minitab (Figure 4.7) 
show some interesting trends with the main dependent variables, the two cut-points. 
One key trend to note is that both the d50c Silica and d50c Garnet are strongly correlated 
with per cent solids in the feed. It is based on these observed correlations that the 
variables to be used in the stepwise regression were chosen. Stepwise regression is a 
semi-automated process of building a model by successively adding or removing 
variables based on the significance of their estimated coefficients (Duke 2013). The 
variables used in the initial stepwise regression are shown in Table 5.1. 
Table 5.1: Variables used for Stepwise Regression Analysis 
Component 
Proportions 
Feed Solids Size Distributions Operating 
Conditions 
% Silica % Solids F80 Silica  Total Flowrate (l/min) 
% Garnet %Solids2/100 F80 Garnet  
%Si x F80Si/1000 %Solids x Flow/1000 F80Si x %Solids/100   
%Si x %Solids/100    F80Si x Flow/1000  
%Si x Flow/1000  F80Si x F80Ga/1000  
%Si x F80Ga/1000  F80Ga x %Solids/100  
%Ga x F80Si/1000  F80 Ga x Flow/1000   
%Ga x %Solids/100     
%Ga x Flow/1000    
%Ga x F80Ga/1000    
 
As previously explained in Section 4.2, due to the feed segregation that occurred during 
the test program there was a loss of control of the feed size distributions of the two 
components which influenced both the total feed per cent solids and component 
proportions within the feed. The loss of control of these variables means that there are 
some correlations that may confuse the selection of appropriate independent variables 
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in the regression; the model might choose an inappropriate variable because it happens 
to be correlated with the ‘real’ one and so will replace it in the model. In order to avoid 
using an inappropriate variable in the eventual model, the knowledge developed about 
the mechanism behind component interaction and existing knowledge of classification in 
a hydrocyclone needs to be considered when deciding on model forms for regression 
analysis. 
5.2 Regression Analysis: Silica 
The initial regression analysis for the d50c of silica was conducted using the Minitab 
stepwise regression tool. The result is shown below (full details in Appendix F). 
d50c Si = 13.5 + 2.04 %Solids2/100 - 0.227 F80Si + 0.403 %Si*%Solids/100 
                                                                                                                  (5.1) 
The R2 of 89% is reasonable, but the standard error (s) = 4.1 µm, when compared with 
the experimental error for silica, an SD for d50c of 2.3 µm, is a little high. The additional 
information that can be gained from the regression analysis is the statistical significance 
attached to each of the variables in determining the cut size of silica. The largest 
statistical significance is attached to the per cent solids present in the feed, which is as 
expected. The size distribution of the silica in the feed appears to have the lowest 
significance in the determination of cut size. Interestingly the proportion of silica in the 
feed is only significant in combination with the per cent solids present in the feed 
showing that it is the interaction between the two variables that is important. The model-
predicted relationship between per cent solids in the feed, proportion of silica present 
and cut size is shown in Figure 5.1. 
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Figure 5.1: Predicted Relationship between % Silica and % Solids present in the 
feed for Silica 
It would be expected that flow rate would be a contributing factor in the determination of 
d50c but it did not appear in the equation determined by stepwise regression. This 
appears to be due to the correlation between F80Si and total flow rate causing Minitab to 
choose a less suitable variable for the model. The individual regression analysis 
conducted using total flow rate as a variable in place of the size distribution of silica in 
the feed is shown below. 
d50c Si = - 26.2 + 1.92 %Solids2/100 + 0.448 %Si*%Solids/100 + 0.206 Total Flowrate 
(5.2) 
Although there is an improvement in both the error in the model from 4.1µm to 3.7µm 
and the R2 has increased from 89% to 92% however there was an outlier present that 
did not occur previously. The error was still slightly high (calculated without the outlier) 
and the outlier could not be accounted for. 
15.0
20.8
26.7
32.5
38.3
44.2
50.0
0.0
16.7
33.3
50.0
66.7
83.3
100.0
0
10
20
30
40
50
60
70
Cut-point
d50c (mic)
% solids% silica
119 
 
Additional regression analysis was conducted using LREG software to verify the results 
of the regression analysis using Minitab. LREG was deveoped by Kojovic (1988) to 
develop regression models from experimental data in mineral processing model 
building. The technique is fully described in the PhD thesis of Kojovic (1988). The 
analysis using LREG produced two possible equations to predict the d50c of silica. Both 
equations had no significant outliers and used all available data points. 
d50c Si = 1.347 %Solids – 0.2081 F80Si – 0.1888 F80Ga + 0.5918 %Si*%Solids    (5.3) 
d50c Si = – 0.1173 F80Si +0.1658 F80Ga +0.1132 Total Flowrate + 0.5567 
%Si*%Solids + 0.1932 %Solids2                                                                                                                       (5.4) 
The second equation provides a smaller experimental error with a slightly better R2 
value. However as this required the addition of two extra variables the improvement 
may not be significant. 
Further regression analysis was conducted using Minitab to investigate other possible 
variables that may impact silica d50c, these can be seen in Appendix F. The regression 
analysis found that the addition of an F80 silica term reduces the error by 0.5µm 
compared with an equation not including this term, and there is also a slight 
improvement in the R2 value. The additional regression analysis conducted also found 
that the addition of a size distribution interaction term and % Solids does not 
significantly improve either standard error or R2, suggesting there is no significant 
interactive relationship between % Solids and F80 Garnet influencing the d50c of silica. A 
similar result is achieved using an interaction term for F80 Silica and % Solids, as was 
achieved using F80 silica, suggesting no significant interactive relationship. 
5.3 Regression Analysis: Garnet  
The regression analysis conducted for garnet was also done using Minitab with the 
initial regression being done using stepwise regression. The result of this initial work 
can be seen below. 
d50c Ga = 15.9 - 1.02 % Solids + 2.25 %Solids2/100 + 0.117 %Si*%Solids/100  (5.5) 
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For this model, one run (the 100% garnet run conducted at 100kPa) showed up as an 
outlier (this was consistent across the models tested) with a standardised residual of 
2.92, and was eliminated. The R2 of 87% is reasonable, and the standard error (s) = 1.6 
µm, compares favourably with the experimental error standard deviation of 1.3 µm. As 
the standard error is of the same magnitude as the experimental error and subsequent 
regression analysis could not improve on the initial analysis conducted it appears that 
this is the optimum equation for the prediction of garnet d50c. The relationship between 
the proportion of silica and the per cent solids present in the feed is also evident for the 
garnet, as can be seen in Figure 5.2. 
 
Figure 5.2 : Relationship between % Silica and % Solids present in the feed for 
Garnet 
Although the relationship between the proportion of silica in the feed is significant in 
combination with the per cent solids present in the feed for the calculation of garnet d50c, 
it carries less significance than for the calculation of silica d50c. 
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5.4 Summary of Regression Analysis 
A comparison of the equations for silica and garnet cut size shows that both have a 
%Solids2 term and a %Si*%Solids interaction term with the garnet model including a 
%Solids linear term as well as the squared term. The difference in the two equations 
lies in the additional terms present in the equation for silica d50c, representing flow rate 
and size distribution terms. Several terms for size distribution were considered including 
terms involving interaction with per cent solids in the feed. The most appropriate term to 
be included in the equation for silica d50c needs to be determined based on the 
understanding of the mechanism driving the interactive behaviour in order for the model 
to be generalised. 
5.5 Data Comparison using Historical Data 
As discussed in the literature review, reanalysis of data from Asomah (1996) by the 
author calculating the overall d50c of a multi component feed with a simple model shows 
that there may be differences in the classification of multi component feeds in two 
different cyclone sizes with two different models being required to predict the d50c in a 
5.1cm (4”) and 10.2cm (10”) diameter hydrocyclone.  
A similar model can be applied to the data set collected during the present CCRD test 
work carried out in a 10.2cm hydrocyclone, although as the mass per cent solids did not 
change in the Asomah data set this needed to be accounted for in the model. A basic 
model for overall d50c for the author’s data set is shown below. 
d50c = -8947.9 – 0.183 Q + 3374.2 SGoverall – 49.4 %heavy – 1.4 %Solids + 0.037 
%Solids2                                                                                                       (5.6) 
If we compare this with the model for the 10.2cm hydrocyclone for the Asomah data set 
(Equation 2.20): 
d50c = -9696.5 - 2.428 Q + 3684.5 SGoverall - 85 %heavy 
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We can see that although there are some differences in the coefficients for the % heavy 
(85 compared with 49.4), these can be attributed to the difference in specific gravity 
between the two dense components. This also relates to the specific gravity difference 
between the light and dense components (in both cases silica), which will need to be 
considered when validating the individual component classification models. As this 
analysis is based on overall classification behaviour of a multi-component feed, it would 
be difficult to infer how this will influence the accuracy of the predictive capabilities of 
the individual component models for d50c. One aspect that may influence this difference 
is the size distributions of the two components in the feed as no information is available 
for the individual component size distributions for the Asomah data set.  
The constant and SG overall values are of a similar magnitude in both cases but the flow 
rate coefficient shows a significant difference (flow rate coefficient for the model applied 
to the Asomah 10.2cm hydrocyclone data set was - 2.428). A difference in flow rate 
coefficient was also seen when comparing the models for the 5.1cm and 10.2cm 
Asomah datasets. There are differences in vortex and spigot finder diameters used in 
the two 10.2cm cyclones for the two data sets, which may provide an explanation for the 
differences. 
5.6 Application of Mechanism Understanding to Model Development 
Whilst any model for d50c will be heavily influenced by the per cent solids present in the 
feed, based on the new understanding developed about the mechanism behind 
component interaction, we know that increased solids in the feed will cause increased 
crowding and therefore any particle displacement occurring will be more apparent than 
when lower per cent solids are present in the feed.  
The interactive term for the per cent solids and proportion of components in the feed 
seen in the d50c equations for both components can be understood by looking at the 
mathematical analysis (force proxy approach) of the components with the same size 
distribution. The analysis showed that the garnet d50c is smaller with less silica in the 
feed. It also demonstrated that the effect would be stronger if the underflow particle 
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number carrying capacity was limited further. If the per cent solids are increased then 
the underflow carrying capacity is essentially being restricted, thus increasing per cent 
solids and increasing proportion of silica would increase the d50c of the garnet which can 
be clearly seen in Figure 5.2. 
The model for garnet d50c showed that the components’ size distributions were not a 
factor in the prediction of d50c. However when we look at the regression analysis for 
silica a variety of size distribution terms were included in the equations for the prediction 
of d50c. The mathematical analysis of components with various size distributions showed 
that the size distributions of both components in relation to each other are a driver of 
particle displacement. Based on the understanding developed of relative size 
distributions as factors in particle displacement, it was decided that the most appropriate 
final model equation developed for silica d50c should include size distribution terms for 
both components. 
5.7 Final Model Equations 
As discussed above, several equations for a feed properties model for the d50c of the 
individual components were produced using regression analysis, and whilst these 
equations contained different terms, many had similar amounts of error and predictive 
power meaning that an understanding of the mechanism behind the component 
interaction was necessary to choose the most appropriate models. Based on this 
understanding, the two most appropriate models were chosen. The final model chosen 
for the light component in the system is as follows: 
d50c Si = – 0.1173 F80Si +0.1658 F80Ga +0.1132 Total Flow Rate + 0.5567 
%Si*%Solids + 0.1932 %Solids2                                 (5.7) 
As all of the equations contained a %Solids term and an interactive % Si x %Solids 
term, the choice to be made related only to the inclusion of a term for flow rate and 
which size distribution term should be included in the final model equation. The 
mathematical analysis of particle displacement theory showed that the size distributions 
of both components in relation to each other are drivers of particle displacement. Based 
124 
 
on the new understanding of relative size distributions as factors in particle 
displacement, the final model equation for silica d50c needed to include size distribution 
terms for both components. The data comparison conducted with historical data 
suggests that flow rate plays an important role in the prediction of d50c, and forms part of 
the model for d50c in existing models for the behaviour of overall ore which would 
therefore suggest that the inclusion of a term for flow rate would be beneficial in the light 
component model. 
The final model for the dense component in the system is as follows:  
d50c Garnet = 15.9 - 1.02 % Solids + 2.25 %Solids2/100 + 0.117 %Si*%Solids/100 
 (5.8) 
The error present in this model is of a similar magnitude as the experimental error with 
only 0.3µm difference between the standard error present in the equation (1.6µm) and 
the experimental error (1.3µm). As the model describes essentially all except 
experimental error, it would be very difficult to improve on this model for the dense 
component, over the range of data. 
5.8 Summary of Multi-Component Interaction Model Development 
A feed properties model for the d50c of individual density components in multi- 
component feeds has been developed for use under particular operating conditions. 
The model for multi-component interaction is exclusively a feed properties model and 
currently cannot be applied to components with densities different to those used in the 
model development. Further work would be required in order to apply this model to 
hydrocyclones of different diameters and for any alterations to the vortex and spigot 
diameters. 
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 Conclusions 
6.1 Component Behaviour in a Hydrocyclone 
One of the key objectives of this thesis was to provide an experimental investigation to 
test two hypotheses: 
1) Components of different densities do not behave independently during 
classification, even when they are fully liberated. 
The data from both the initial scoping test work undertaken, the test work undertaken as 
part of the model development program and the resulting component models show that 
interaction is occurring between the components and that they do not behave 
independently during classification in a multicomponent feed as previously assumed. 
This hypothesis is therefore supported by the experimental evidence. 
2) The operating conditions of the hydrocyclone influence the degree of component 
interdependence.  
The experimental data shows that component interdependence is influenced by the 
operating conditions of the hydrocyclone, specifically the per cent solids present in the 
feed, the relative particle size distribution of the components and the proportion of 
components present determine the level of component interdependence during the 
classification of a multi-component feed.  
The experimental results conducted using a binary pyrite-silicate ore showed that an 
increase in interaction between components occurs with increasing per cent solids, with 
the d50c of the light component showing a greater change in behaviour. The raw data 
from the model development test work and the subsequent appearance of a %Si x 
%Solids interaction term in the d50c models for both garnet and silica, suggesting that 
the interaction behaviour is influenced by the combination of the per cent solids in the 
feed and the component proportions. The presence of a F80 term in the d50c model for 
silica indicates that relative particle size distributions of the components has more 
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bearing on the behaviour of the light component than the dense component. This 
hypothesis is therefore also supported by the experimental evidence. 
6.2 Positron Emission Particle Tracking (PEPT) in Hydrocyclones 
Whilst the PEPT trials were successful in tracking a tracer particle in slurry through a 
classifying hydrocyclone only qualitative information could be gained from the 
experimental program as the magnitude of the trajectory uncertainty was larger than the 
differences between the particle trajectories under different conditions. However the 
author feels that this work was worthy of inclusion in this thesis as it displayed a viable 
methodology that could be used in future work to further investigate the mechanism 
proposed. However the work did demonstrate for the first time the viability of using 
PEPT to understand particle trajectories in the cyclone containing slurry, which has 
considerable promise for further research. 
Specifically the trials determined:  
 the appropriate equipment set-up and operating conditions for hydrocyclone 
PEPT studies; 
 that attenuation increases with increasing feed per cent solids; 
 a viable tracer production method for tracers with altered densities; 
 a new modified data processing algorithm for use with hydrocyclones; and 
  optimal parameters for processing of hydrocyclone PEPT data. 
In addition to the valuable knowledge gained in the PEPT methodology itself the results 
indicated that particle trajectories in a hydrocyclone containing slurry are probabilistic 
rather than deterministic as previously assumed. This provides valuable insight into 
fundamental particle behaviour when classified in a hydrocyclone and is an area worthy 
of further study. 
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6.3 Mechanism of Component Interaction in Multi-Component Feeds 
An alternative mechanism to the dense medium effect has been proposed, which had 
previously been the anecdotal explanation for any differences in component behaviour 
during classification in a multi-component feed.  
The proposed mechanism assumes that particles in a feed would be ranked ideally 
inside the cyclone based on immersed mass, with the largest (and heaviest) particles 
closest to the wall and the smallest (and lightest) closest to the air core. If we assume 
that apex size is the controlling factor (based on Fahlstrom’s (1963) crowding theory) 
and therefore only a set volume can leave via the underflow, then with the addition of 
dense material of the same size distribution, the light particles will be displaced causing 
particles that would have previously been sent to the underflow to exit via the overflow. 
Therefore, it is the displacement of the light particles by the dense particles causing a 
shift in the d50c of the light component. 
The mathematical analysis of force proxies supports the basic principles of the theory 
and implies that altering the relative size distributions of the components would 
influence the d50c, when the dense component is coarser than the light component a 
larger amount of light particles are displaced, and with a finer dense component less 
light particles are displaced. Both the mathematical analysis of the mechanism and the 
experimental data has suggested that there is competition for exit through the 
underflow. This supports Fahlstrom’s (1963) crowding theory which is a prerequisite 
assumption for particle displacement theory to be the mechanism of interaction.  
The experimental data also suggested that interaction can be affected by the proportion 
of silica in the feed, and when the apex is restricted, such as when the feed per cent 
solids is increased. This supports the idea of increased particle interaction with 
increased competition to exit via the underflow as demonstrated by mathematical 
analysis. 
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6.4 Multi-Component Interaction Model 
A comparison of the 2 final equations for d50c , equations 5.7 and 5.8, shows that both 
have a %Solids2 term and a %Si x %Solids interaction term with the garnet mode also 
including a %Solids linear term as well as the squared term. The difference in the two 
equations lies in the additional terms present in the equation for silica d50c, representing 
flow rate and a size distribution term for silica. Several terms for size distribution were 
tested including terms involving interaction with per cent solids in the feed.  
The interaction model requires validation for different density variations between 
components than the components used to develop the model, as demonstrated by the 
differences between the experimental results of the CCRD and the reanalysis of the 
Asomah data set on the same diameter cyclone. However, as these equations are 
based on the overall d50c, it is unknown whether this will influence the individual 
component equations. 
The interaction model developed is a feed properties model only. The model is therefore 
only valid on the hydrocyclone geometry tested in the CCRD program. The 
experimental program and the model itself however support the qualitative trends seen 
throughout the thesis, most notably the interdependence of components with increasing 
feed per cent solids which also supports the analysis of the particle displacement theory 
using the force proxy approach. 
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6.5 Contributions to Knowledge  
As part of this research a number of contributions to the existing knowledge have been 
made. Specifically, the research outlined in this thesis has: 
 Provided a comprehensive summary of the existing literature regarding 
hydrocyclones treating multi-component feeds; 
 Determined that component1 interaction occurs during classification of a multi-
component feed, that is, the classification of a given component is influenced by 
the presence of another component; this effect is not included in the commonly 
used models of hydrocyclone classification; 
 Determined that the operating conditions of a hydrocyclone influence the level of 
component interaction in a multi-component feed during classification; 
 Proposed a plausible mechanism by which component interaction occurs in a 
hydrocyclone treating a multi-component feed; 
 Developed a feed properties model for the d
50c
 of individual components 
classified in a dual density feed under particular operating conditions; 
 Demonstrated that particle trajectories in a hydrocyclone operating with slurry 
can be tracked using Positron Emission Particle Tracking (PEPT); and 
 Shown via the PEPT technique that particle trajectories in hydrocyclones may be 
probabilistic. 
  
                                            
1 In this sense a component is defined as a solid material of a given density. 
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6.6 Recommendations for Further Work 
There are two distinct areas where further work would be beneficial; Modelling of 
Component Behaviour and the development of PEPT for the analysis of hydrocyclones.  
6.7 Modelling of Component Behaviour  
The model developed for the d50c of the individual components classified in a multi-
component feed is strictly a feed properties model and would require further testing to 
be used with differing hydrocyclone geometries. This test work should incorporate a 
number of different hydrocyclone diameters, spigot sizes and vortex finder sizes. As the 
data is sparse, data from a variety of pilot plant trials along with appropriate plant data 
should be collected in order to extend the model. The trends identified for relative 
component PSD, component ratios within the feed and feed per cent solids provide a 
valuable starting point for a more comprehensive predictive model for multi-component 
feeds. 
6.8 PEPT in Hydrocyclones 
Further work is required for PEPT in hydrocyclones to develop both the methodology 
and equipment. More tracking time under the same conditions will help to reduce the 
magnitude of the error to the point where quantitative results can be obtained. Further 
development work is required in order to produce smaller tracers that can carry enough 
activity to be tracked in order to test a variety of more realistic particle sizes within the 
system as the existing technology is limited. It will also be important to develop a viable 
technique to consistently alter the densities of smaller radioactive tracers as the 
methodology used for the current work is incompatible with smaller particles. 
6.9 Mechanism of Component Interaction 
Due to current limitations of the PEPT technology, the particle displacement theory 
could not be experimentally tested to determine if it is the mechanism by which 
component interaction occurs. Whilst the results from the model development test work 
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supports the particle displacement as the mechanism by which interaction occurs, 
further work to experimentally test the fundamental particle behaviour inside a 
hydrocyclone classifying multi-component feed to test this hypothesis would be 
beneficial to extend the understanding of component interaction. 
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Appendices 
Appendix A 
Data from initial artificial feed work using Krebs D-10 rig. Data is of the raw component 
proportion data and the weightings and partition coefficients used for curve fitting. 
Raw Component Proportion Data – Test 1 
Size UF% Proportions UF Mineral % OF% Proportion OF Mineral % 
µm Total Silica Garne
t 
Silic
a 
Garne
t 
Total Silic
a 
Garne
t 
Silic
a 
Garne
t 
106 42.2 78.0 22.0 32.9 9.3           
90 16.9 78.0 22.0 13.2 3.7 0.7 99.8 0.2 0.7 0.00 
75 10.6 78.1 21.9 8.3 2.3 4.1 99.6 0.4 4.1 0.02 
53 18.7 78.5 21.5 14.7 4.0 27.5 96.6 3.4 26.5 0.93 
45 2.0 79.5 20.5 1.6 0.4 14.3 95.2 4.8 13.6 0.68 
38 0.9 80.7 19.3 0.7 0.2 4.0 94.8 5.2 3.8 0.21 
 0.5         0.2         
 0.5         1.0         
 1.6         5.2         
12.86 1.9 94.5 5.5 1.8 0.1 8.0 93.9 6.1 7.6 0.49 
 1.0         5.7         
 3.2         29.2         
 100.0         100.
0 
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Partition Coefficient Calculations for Curve Fitting  
Overall 
d50c 82.5µm 
 
   
alpha 11.5    
Size Exp PC Fit Weight Wt Error 
126 100.0 99.8 0.5 0.2 
98 88.9 89.5 1.1 0.3 
82 45.2 48.1 4.5 0.4 
63 13.9 6.2 1.4 30.8 
49 0.0 0.9 0.5 62.7 
41 0.0 0.3 0.5 0.7 
22 0.3 0.0 0.5 0.3 
   SSQ 95.3 
Quartz 
d50c 84.4 µm    
alpha 11.7    
     
Size Exp PC Fit Weight Wt Error 
126 100.0 99.7 0.5 0.4 
98 86.2 86.9 1.4 0.2 
82 38.6 41.8 3.9 0.7 
63 10.5 4.9 1.0 28.5 
49 -3.9 0.7 0.5 85.3 
41 0.0 0.2 0.5 9.0 
22 0.3 0.0 0.5 0.4 
   SSQ 124.5 
 
  
139 
 
Garnet 
d50c 60.1 µm    
alpha 10.0    
Size Exp PC Fit Weight Wt Error 
126 100.0 100.0 0.5 0.0 
98 99.9 99.8 0.5 0.0 
82 98.0 97.5 0.5 1.2 
63 59.1 62.0 4.1 0.5 
49 11.6 13.7 1.2 3.2 
41 17.3 4.0 1.7 59.0 
22 0.0 0.2 0.5 1.7 
   SSQ 65.6 
 
Raw Component Proportion Data – Test 2 
Partition Coefficient Calculations for Curve Fitting  
Overall 
d50c 88.9 µm    
alpha 10.7    
     
Size Exp PC Fit Weight Wt Error 
126 100.0 99.0 0.5 4.3 
98 69.2 77.0 3.1 6.3 
82 47.1 35.7 4.7 5.9 
63 12.7 11.5 1.3 1.0 
49 7.0 8.3 0.5 6.3 
41 45.3 7.8 4.5 68.4 
22 11.7 7.6 1.2 12.4 
   SSQ 104.6 
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Quartz 
d50c 91.7 µm    
alpha 12.8    
     
Size Exp PC Fit Weight Wt Error 
126 100.0 99.2 0.5 2.3 
98 64.2 72.9 3.6 5.9 
82 40.7 26.5 4.1 12.2 
63 9.6 9.2 0.5 0.6 
49 2.5 7.8 0.5 112.9 
41 36.5 7.6 3.7 62.6 
22 11.7 7.6 1.2 12.6 
   SSQ 209.0 
 
Garnet 
d50c 54.3 µm    
alpha 6.1    
Size Exp PC Fit Weight Wt Error 
126 100.0 100.0 0.5 0.0 
98 99.8 99.3 0.5 0.8 
82 96.8 96.1 0.5 1.7 
63 58.9 74.8 4.1 14.9 
49 35.7 40.3 3.6 1.6 
41 83.8 24.3 8.4 50.4 
22 10.9 9.7 1.1 1.2 
   SSQ 70.7 
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Raw Component Proportion Data – Test 3 
Overall 
d50c 81.9 µm    
alpha 11.0    
     
Size Exp PC Fit Weight Wt Error 
126 100.0 99.7 0.5 0.3 
98 90.4 90.5 0.5 0.0 
82 55.9 54.5 4.4 0.1 
63 18.7 15.1 1.9 3.7 
49 8.0 9.4 0.5 8.5 
41 25.0 8.7 2.5 42.5 
22 9.9 8.3 0.5 9.6 
   SSQ 64.7 
 
d50c 45.3 µm    
alpha 4.8    
     
Size Exp PC Fit Weight Wt Error 
126 100.0 100.0 0.5 0.0 
98 100.0 99.6 0.5 0.4 
82 99.2 98.0 0.5 5.2 
63 73.4 87.2 2.7 27.0 
49 42.3 61.9 4.2 21.5 
41 67.9 42.8 3.2 61.0 
22 11.3 14.7 1.1 8.9 
   SSQ 124.1 
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Quartz 
d50c 85.0 µm    
alpha 12.3    
     
Size Exp PC Fit Weight Wt Error 
126 100.0 99.8 0.5 0.2 
98 87.0 87.9 1.3 0.5 
82 50.7 44.4 4.9 1.6 
63 15.1 12.0 1.5 4.3 
49 5.9 8.8 0.5 33.1 
41 21.8 8.5 2.2 37.3 
22 9.8 8.3 0.5 8.6 
   SSQ 85.7 
 
Raw Data –Quartz Alone 
UF% OF% UF OF Recon Size 
    as % feed as % feed Feed µm 
43.3 0.0 11.9 0.0 11.9 106 
17.0 0.4 4.7 0.3 5.0 90 
12.5 1.8 3.4 1.3 4.7 75 
9.5 10.5 2.6 7.6 10.3 53 
3.1 4.5 0.9 3.3 4.2 45 
1.2 5.9 0.3 4.3 4.6 38 
13.3 76.9 3.6 55.7 59.4 10 
100.0 100.0 27.5 72.5 100.0   
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Partition Coefficent  
d50c 68.4µm    
alpha 8.8    
Size Exp PC Fit Weight Wt Error 
106 100.0 99.3 0.5 2.1 
90 94.2 94.6 0.5 0.6 
75 72.8 72.2 2.7 0.1 
53 25.5 18.7 2.6 7.2 
45 20.7 11.8 2.1 18.4 
38 7.3 9.3 0.5 16.5 
10 6.1 7.6 0.5 8.4 
   SSQ 53.3 
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Appendix B 
Data from Krebs D-4 rig for effect of operating conditions on component interaction 
Test 1 – 50% Solids 
Raw Data – Component Proportions  
Size UF% OF% UF 
Mineral 
% 
  OF 
Mineral 
% 
  
µm Total Total Pyrite Compo
sites 
Gangue Pyrite Compo
sites 
Gangue 
75 42.1 1.0 0.2 0.3 41.5 0.0 0.0 1.0 
53 13.5 2.9 0.2 0.1 13.2 0.0 0.0 2.9 
38 8.2 6.2 0.2 0.1 7.9 0.0 0.0 6.2 
20 7.4 15.2 0.3 0.0 7.1 0.0 0.0 15.2 
1 28.9 74.7 0.2 0.0 28.7 0.3 0.0 74.4 
 
Partition Coefficients. 
Gangue 
d50c 55.76 µm    
alpha 4.06    
Size Exp PC Fit Weight Wt Error 
106 96.29 97.52 0.50 6.07 
63 72.60 63.04 2.74 12.16 
45 38.31 30.91 3.83 3.73 
28 9.31 10.50 0.50 5.69 
10 4.10 1.85 0.50 20.32 
   SSQ 47.98 
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Pyrite 
d50c 17.30 µm    
alpha 2.04    
Size Exp PC Fit Weight Wt Error 
106 99.68 100.00 0.50 0.40 
63 99.00 99.60 0.50 1.45 
45 96.93 96.77 0.50 0.10 
28 79.35 79.63 2.06 0.02 
10 25.19 25.19 2.52 0.00 
   SSQ 1.98 
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Composites 
d50c 24.10 µm    
alpha 2.31    
Size Exp PC Fit Weight Wt Error 
106 99.51 99.97 0.50 0.85 
63 97.00 98.30 0.50 6.69 
45 91.08 91.20 0.50 0.06 
28 77.66 67.92 2.23 18.98 
10 20.99 31.78 2.10 26.42 
   SSQ 53.00 
 
Test 2 – 35% Solids 
Raw Data – Component Proportions  
Size UF% OF% UF Mineral %  OF Mineral % 
µm Total Total Pyrite Composites Gangue Pyrite Composites Gangue 
75 33.6 0.0 0.12 0.21 33.31 0.000 0.000 0.000 
53 12.4 0.2 0.17 0.09 12.20 0.000 0.000 0.018 
38 13.9 0.7 0.19 0.08 13.65 0.001 0.001 0.098 
20 19.6 3.2 0.28 0.05 19.24 0.009 0.002 0.621 
1 20.4 95.9 0.24 0.05 20.13 0.234 0.052 19.302 
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Partition Coefficients. 
Gangue 
d50c 22.6 µm    
alpha 4.9    
Size Exp PC Fit Weight Wt Error 
106 100.0 100.0 0.5 0.0 
63 98.5 100.0 0.5 9.1 
45 93.8 99.3 0.5 121.3 
28 82.3 76.6 1.8 10.3 
10 4.6 5.4 0.5 2.6 
   SSQ 143.3 
Pyrite 
d50c 10.9µm    
alpha 2.3    
Size Exp PC Fit Weight Wt Error 
106 100.0 100.0 0.5 0.0 
63 99.9 100.0 0.5 0.1 
45 99.6 99.9 0.5 0.5 
28 97.7 97.7 0.5 0.0 
10 44.8 44.9 4.5 0.0 
   SSQ 0.53 
Composites 
d50c 22.0 µm    
alpha 2.0    
Size Exp PC Fit Weight Wt Error 
106 99.5 100.0 0.5 0.8 
63 97.0 98.1 0.5 5.0 
45 91.1 91.2 0.5 0.0 
28 77.7 68.9 2.2 15.4 
10 21.0 28.7 2.1 13.6 
   SSQ 34.8 
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Test 3 – 20% Solids 
Raw Data – Component Proportions 
Size UF% OF% UF Mineral %  OF Mineral %  
µm Total Total Pyrite Composite
s 
Gangu
e 
Pyrite Composite
s 
Gangu
e 
75 33.4 0 0.14 0.23 33.02 0 0 0 
53 12.3 0 0.15 0.073 12.08 0 0 0 
38 12.2 0.2 0.18 0.06 11.94 0.00 0.00 0.16 
20 20.0 1.4 0.25 0.06 19.72 0.00 0.00 1.40 
1 22.1 98.4 0.27 0.04 21.79 0.18 0.032 98.22 
 
Gangue 
d50c 18.3 µm    
alpha 5.2    
Size Exp PC Fit Weight Wt 
Error 
106 100.0 100.0 0.5 0.0 
63 100.0 100.0 0.5 0.0 
45 98.8 99.9 0.5 5.2 
28 93.9 93.9 0.5 0.0 
10 8.0 8.2 0.5 0.1 
   SSQ 5.3 
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Pyrite 
d50c 8.6 µm    
alpha 2.3    
Size Exp PC Fit Weight Wt 
Error 
106 100.0 100.0 0.5 0.0 
63 100.0 100.0 0.5 0.0 
45 99.9 100.0 0.5 0.0 
28 99.4 99.4 0.5 0.0 
10 59.7 59.7 4.0 0.0 
   SSQ 0.0 
 
Composites 
d50c 24.1µm    
alpha 2.3    
Size Exp PC Fit Weight Wt 
Error 
106 99.5 100.0 0.5 0.8 
63 97.0 98.2 0.5 5.9 
45 91.1 90.8 0.5 0.4 
28 77.7 66.4 2.2 25.4 
10 21.0 28.6 2.1 13.0 
   SSQ 45.4 
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Appendix C 
Data from the CCRD Experimental Program 
Test numbers are referenced in the Table 4.1. Data contained in the spreadsheet 
includes raw sizing data, calculated proportions of components within the feed and 
partition coefficients. All curves were fitted using the Whiten equation as discussed in 
Chapter 3. 
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Appendix D 
Mathematical Analysis of Particle Displacement theory (Force Proxy Approach) 
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Appendix E 
PEPT Animation 
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Appendix F 
Regression analysis conducted for cut size model for silica. 
Statistics for Silica Individual Regression Analysis Equation 1 
Predictor Coef SECoef T P   
Constant -26.151 7.745 -3.38 0.004   
%Solids2/100 1.9204 0.2138 8.98 0   
F80 Si 0.4479 0.1355 3.31 0.004   
%Si*%Solids/100 0.20563 0.06997 2.94 0.01   
  S R2 R2(adj)     
  3.7 93.70% 92.10%     
Analysis of Variance  
Source DF SS MS F P  
Regression 3 3093.2 1031.1 75.14 0  
Residual Error 16 219.6 13.7      
Total 19 3312.8        
Source DF Seq SS     
%Solids2/100 1 2836.1     
%Si*%Solids/100 1 138.6     
Total Flowrate (l/min) 1 118.5     
Unusual Observations     
Obs %Solids2/100 d50c Si Fit SEFit Residual St Resid 
7 10.8 13.1 23.605 0.914 -10.505 -2.93R 
Source DF SeqSS     
%Solids2/100 1 2831.7     
F80 Si 1 44     
%Si*%Solids/100 1 140.9     
Individual Regression Analysis Equation 2 
d50c Si = 2.8 - 0.221 F80Si + 0.0778 Total Flowrate + 1.87 %Solids2/100 + 0.637 
%Si*%Solids/100                                                                                               
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 Statistics for Silica Individual Regression Analysis Equation 2 
Predictor Coef SE Coef T P   
Constant 2.84 13.37 0.21 0.834   
F80Si -0.22129 0.08821 -2.51 0.024   
TotalFlowrate(l/min) 0.07777 0.07922 0.98 0.342   
%Solids2/100 1.8724 0.1863 10.05 0   
%Si*%Solids/100 0.6373 0.1396 4.56 0   
  S R2 R2(adj)     
  3.21105 95.30% 94.10%     
Analysis of Variance  
Source DF SS MS F P  
Regression 4 3158.12 789.53 76.57 0  
Residual Error 15 154.66 10.31      
Total 19 3312.78        
Source DF Seq SS     
F80Si 1 133.72     
TotalFlowrate(l/min) 1 192.19     
%Solids2/100 1 2617.44     
%Si*%Solids/100 1 214.77     
Unusual Observations     
Obs Silica d50cSi Fit SE Fit Residual StResid 
7 100 13.1 20.404 1.502 -7.304 -2.57R 
Individual Regression Analysis Equation 3 
d50c Si = - 8.87 - 6.07 F80Si*%Solids/1000 + 0.0939 Total Flowrate + 2.62 
%Solids2/100  + 0.622 %Si*%Solids/100                   
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Statistics for Silica Individual Regression Analysis Equation 3 
Predictor Coef SE Coef T P   
Constant -8.869 9.481 -0.94 0.364   
F80 -6.075 2.369 -2.56 0.022   
TotalFlowrate(l/min) 0.09392 0.07435 1.26 0.226   
%Solids2/100 2.6193 0.3289 7.96 0   
%Si*%Solids/100 0.6217 0.1349 4.61 0   
  S R2 R2(adj)     
  3.18985 95.40% 94.20%     
Analysis of Variance  
Source DF SS MS F P  
Regression 4 3160.15 790.04 77.64 0  
Residual Error 15 152.63 10.18      
Total 19 3312.78        
Source DF Seq SS     
F80 1 1912.52     
TotalFlowrate(l/min) 1 454.49     
%Solids2/100 1 577.17     
%Si*%Solids/100 1 215.97     
Unusual Observations     
Obs Si d50cSi Fit SE Fit Residual StResid 
7 3.29 13.1 20.275 1.518 -7.175 -2.56R 
 
Individual Regression Analysis Equation 4 
d50c Si = - 9.1 - 5.86 F80Si*%Solids/1000 + 0.0965 Total Flowrate + 2.66 
%Solids2/100 + 0.622 %Si*%Solids/100 - 0.47 F80Ga*%Solids/1000                   
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Statistics for Silica Individual Regression Analysis Equation 4 
Predictor Coef SE Coef T P   
Constant -9.125 9.997 -0.91 0.377   
F80Si*%solids/1000 -5.861 2.935 -2 0.066   
Total Flowrate (l/min) 0.09655 0.07944 1.22 0.244   
%Solids2/100 2.6557 0.4376 6.07 0   
%Si*%Solids/100 0.6222 0.1396 4.46 0.001   
F80Ga*%solids/1000 -0.47 3.557 -0.13 0.897   
  S R2 R2(adj)     
  3.29976 95.40% 93.80%     
Analysis of Variance  
Source DF SS MS F P  
Regression 5 3160.34 632.07 58.05 0  
Residual Error 14 152.44 10.89      
Total 19 3312.78        
Source DF Seq SS     
F80Si*%solids/1000 1 1912.52     
Total 1 454.49     
%Solids2/100 1 577.17     
%Si*%Solids/100 1 215.97     
F80Ga*%solids/1000 1 0.19     
Unusual Observations     
Obs Si d50cSi Fit SE Fit Residual StResid 
7 3.29 13.1 20.247 1.585 -7.147 -2.47R 
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Statistics for Initial Regression Analysis of Garnet 
Predictor Coef 
SE 
Coef 
T P  
Constant 15.894 3.534 4.5 0  
% Solids -1.0196 0.2328 -4.38 0  
%Solids^2/100 2.2457 0.3686 6.09 0  
%Si*%Solids/100 0.11746 0.04875 2.41 0.028  
  S R-Sq 
R-
Sq(adj) 
   
  1.62 89.20% 87.30%    
Analysis of Variance 
Source DF SS MS F P 
Regression 3 370.86 123.62 47.03 0 
Residual Error 17 44.68 2.63     
Total 20 415.54       
Source DF Seq SS    
%Solids^2/100 1 255.73    
F80 Silica 1 99.87    
%Si*%Solids/100 1 15.26    
 
